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M.Sc. Amr Sayed Emam Ismail 
 
Abstract 
 
Due to their extra ordinary physical properties, ionic liquids stimulate a considerable 
interest as excellent media for chemical and electrochemical reactions. Their 
significantly high thermal and electrochemical stability make them of high potential 
for electrodeposition of several materials like metals and alloys, conducting polymers, 
and semiconductors which can not be obtained from aqueous solutions. In particular, 
it was recently shown that aluminium (Al) can be deposited from air- and water-stable 
ionic liquids at mild reaction conditions. Since Al has quite good resistance against 
corrosion, it is of interest to study "Al-coatings" from ionic liquids.  
 
The present thesis aims to achieve this goal by investigating Al-coatings on mild steel 
and study the effect of changing the ionic liquids, like. e.g. changing the organic 
cation on the properties of the resulting Al-coatings.  
 
¾ The following ionic liquids were used for this purpose: AlCl3/l-ethyl-3-methyl-
imidazolium chloride (AlCl3/[EMIm]Cl), AlCl3/l-benzyl-3-methyl-imidazolium 
chloride (AlCl3/[BzMIm]Cl) and AlCl3/l,3-dibenzyl-imidazolium chloride 
(AlCl3/[DBzIm]Cl) ionic liquids, respectively. AlCl3 was added to the liquids to 
provide Al-precursors. It was found that the particle size of the Al-deposites was 
significantly reduced from the micrometer regime down to the nanometer regime 
when only changing the substituents of the imidazolium cations from EMIm to 
DBzIm, respectively. This means; the more the aromatic rings in the cation, the 
finer the particle size is. Whereas the thickness and the adhesion of the Al-
deposits were decreased with the presence of the aromatic rings.  
 
¾ For comparison and as a first step for the Al-Cu alloy deposition, Al was also 
deposited on mild steel from the air- and water stable ionic liquids: 1-ethyl-3-
methyl-imidazolium bis(trifluoromethylsulfonyl) amide ([EMIm]Tf2N) and         
 I
1-butyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl) amide ([BMP]Tf2N) 
with AlCl3 concentrations of 5.5 M and 1.6 M, respectively. The results were quite 
similar to that obtained on Au substrates by Endres et al: microcrystalline Al from 
[EMIm]Tf2N and nanocrystalline Al from [BMP]Tf2N. 
¾ Attempts have been performed for the electrodeposition of Al-Cu alloy on mild 
steel as Cu enhances the thermal and electrical conductivity of Al. For this 
purpose the white viscous upper phase of (AlCl3/[BMP]Tf2N) mixture was used as 
Al source. Because of the very low solubility of copper salts in ionic liquids, Cu 
ions were introduced in the system by anodic dissolution of a Cu sheet in the 
mentioned mixture. The results showed that no clear amount of Cu ions can be 
obtained even at elevated temperatures. However, anodic dissolution of Cu in the 
pure ionic liquids [BMP]Tf2N and [EMIm]Tf2N at 70 oC gave Cu+ ions (as was 
calculated from Faraday's law by weight loss of Cu sheet) into the solution but an 
interesting and unexpected result was obtained which deviated the work away 
from the planned goal: it was found that the Tf2N anion is subject to 
decomposition under extremely mild electrochemical conditions during the anodic 
dissolution of copper electrode in this ionic liquid at 70 oC, leading to the 
formation of CuF2 precipitate (as was proved by XRD) which was clearly seen by 
naked eye. However, at room temperature no significant decomposition was 
obtained. Although the mechanism of this reaction is not clear at all (even raising 
some questions), one has to be very careful in applying ionic liquids based on 
Tf2N for electrochemical experiments: the Tf2N anion might decompose, 
depending on the anode material. 
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Motivation of the work  
 
Owing to the quite good corrosion resistance of aluminium, this metal is of high 
interest as a coating material for reactive metal surfaces. 
 
Ionic liquids have opened the door for the electrodeposition of aluminium at "mild 
reaction conditions". In addition to their feasible physical properties over organic 
solvents and molten salts like e.g. negligible vapor pressure and electrochemical and 
thermal stability, ionic liquids have shown quite interesting effects on the 
electrodeposition process: As an example, nanosized Al deposites were obtained by 
just changing the type of the ionic liquid. 
 
The present thesis focuses on the feasibility of ionic liquids in the coating of mild 
steel by Al deposition and investigate more about the effect of changing the ionic 
liquid on the properties, like adhesion and particle size, of the resulting Al coatings. In 
addition, attempts to deposit Al-Cu alloy have been performed, as Cu enhances the 
thermal and electrical conductivity of Al.      
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1. Introduction 
 
1.1 Ionic liquids 
 
1.1.1 Definition 
 
      The term "ionic liquids" is used for liquids that solely consist of cations and 
anions, usually with melting points of 100 °C or below. They are, meanwhile, 
widely investigated as new solvents with a nonmolecular ionic character [1-6]. 
 
 
1.1.2 Historical background 
 
One of the first known low temperature ionic liquids with a melting point of 
12 °C was synthesized by Walden in 1914 [7]. The first AlCl3 based low melting 
salts with chloroaluminate ions were developed in 1948 by Hurley and Wier at 
the Rice Institute in Texas as bath solutions for low-temperature electroplating of 
aluminum [8]. As early as 1967, Swain et al. described the use of tetra-n-
hexylammonium benzoate as a solvent for kinetic and electrochemical 
investigations [9]. Later, a series of ionic liquids were prepared by combining 
anhydrous aluminum chloride with suitable organic salts, which are based on 
organic cations such as 1-ethyl-3-methylimidazolium [EMIm] and 1-butyl-1-
methylpyrrolidinium [BMP]. These AlCl3 based ionic liquids are considered as 
being the first generation of ionic liquids. These systems were not further studied 
until the late 1970s when Osteryoung et al. and Wilkes et al. rediscovered these 
liquids and studied them mainly for electrochemical applications [10,11].  With 
the beginning of 1980s, Seddon and Hussey et al. began to use chloroaluminate 
melts as nonaqueous, polar solvents for the investigation of transition metal 
complexes which generally started with the electrochemical aspects [12-14]. At 
the end of 1980s Fry and Pienta [15] and Boon et al. [16] have employed ionic 
liquids in catalysis and organic synthesis, respectively. In 1990 Chauvin et al. and 
Carlin et al. reported the use of ionic liquids as solvents for homogeneous 
transition metal catalysts: nickel catalysts were dissolved in weakly acidic 
chloroaluminate melts and the resulting ionic catalyst solutions were used for the 
dimerization of propene and also the ethylene polymerization with Ziegler - Natta 
catalysts [17,18].   
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Due to the hygroscopic nature of AlCl3 based ionic liquids, they must be 
handled under inert gas atmosphere. For this reason, the need for air- and water- 
stable ionic liquids, which are considered as the second generation of ionic 
liquids, attracted much more interest. In 1992, Wilkes and Zawarotko reported the 
first class of air and water ionic liquids [19]. These ionic liquids consist mainly of 
1-ethyl-3-methylimidazolium as a cation and either tetrafluoroborate (BF4-) or 
hexafluorophosphate (PF6-) as anions which can be handled under air, but it was 
found that the exposure of these ionic liquids to moisture for long time maybe 
causes some changes in their physical and chemical properties (especially at 
elevated temperatures) as HF gas liberated [20,21]. Although, these systems offer 
high tolerance versus functional groups which opens up a much larger range of 
applications especially for transition metal catalysis, more scientists have been 
moving away from (BF4-) and (PF6-) and towards more stable hydrophobic anions 
such as trifluoromethylsulfonate (CF3SO3), bis(trifluoromethylsulfonyl) amide 
[(CF3SO2)2N-] and tris(trifluoromethylsulfonyl) methide [(CF3SO2)3C-] [22-24].  
 
This new class of air- and water- stable ionic liquids have attracted more 
interest due to their extraordinary physical properties like the significantly high 
chemical, thermal and electrochemical stability [25].  
 
The molecular structure of some cations and anions is illustrated in the 
following table (1.1) 
 
 
Cations 
 
 
 
    
    
    [EMIm]              [BMP]            N-Alkyl pyridinium        [P14,6,6,6]     
Anions 
 
 
 
 
Chloride             [Tf2N]        Tetrafluoroborate       Hexafluorophosphate
 
Table 1. 1. Molecular structure of some of cations and anions used in ionic 
liquids and their abbreviations. 
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1.1.3 Characteristics of ionic liquids 
 
  Ionic liquids (ILs) possess a unique array of physico-chemical properties that 
make them suitable in numerous task-specific applications in which conventional 
solvents are non-applicable or insufficiently effective. The properties of ionic 
liquids specifically vary over a wide range by the selection of suitable cations and 
anions [26-29]. Several methods have shown that it is possible to make 
predictions of the physical properties of ionic liquids which will allow the design 
of new ionic liquids with specific properties tailored for particular applications, 
without the need for time-consuming trial and error synthesis [30,31]. Also, the 
corrosivity of ionic liquids media strongly depends on the chemical structure of 
the cationic moiety and the nature of the anion of the ionic liquid. Several studies 
have been considered on the physico-chemical characteristics of ionic liquids 
which investigated by electrochemical and gravimetric techniques at different 
temperatures [32-35].  
 
The characteristics of ionic liquids are shortly discussed in the following 
subsection:- 
 
1.1.3.1 Volatility 
Due to their practical non-volatility (10-11 mbar vapour pressure at room 
temperature), ionic liquids have been considered as having a low impact on the 
environment and human health, and thus recognized as solvents for green 
chemistry. However, this is distinct from toxicity, and it remains to be seen how 
'environmentally-friendly' ionic liquids will be regarded once widely used by 
industry. The extremely low vapour pressures of most ionic liquids allow the 
removal of water from them by simply heating under vaccum [36]. 
 
1.1.3.2 Solubility  
      Room-temperature ionic liquids (RTILs) have been used as novel reaction 
solvents. They seem to behave like dipolar, aprotic organic solvents and short-
chain alcohols in their interaction with organic solutes. Ionic liquid stationary 
phases have a dual nature for acting as a low-polarity stationary phase to nonpolar 
compounds and as molecules with strong proton donor groups.  
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Furthermore, the nature of the anion can have a significant effect on both the 
solvating ability and the selectivity of ionic liquid stationary phases [37-39]. Some 
factors such as dispersion, polarity, hydrogen bonding and cavity formation have 
also approximately equal importance in the solvating properties of ionic liquids. 
Furthermore, the solubility of polar compounds that contain bulky and aromatic 
groups can be enhanced in ionic liquids due to higher dispersion interactions in 
ionic liquids than in aqueous solution [40,41]. In contrast, the solubility of metal 
salts in sometimes low, due to the weak coordinating ability of the bulky cations 
and anions of most ionic liquids.  
 
1.1.3.3 Melting point 
      In general, ionic liquids have melting points below 100 °C and most of 
them are liquid at room temperature. While the simplest example of a primitive 
molten salts is "NaCl" with a melting point of more than 801 °C [42,43]. The 
melting points of 1-ethyl-3-methylimidazolium based ionic liquids, as an example, 
with different anions, such as [BF4]– and [Tf2N]– are 15 °C [22] and –3 °C [23], 
respectively. Both cations and anions contribute to the low meting points of ionic 
liquids. Bulky asymmetric organic cations, weak intermolecular interactions 
(hydrogen bonding and van der Waals forces) [41] and good charge distribution 
[44] decrease the melting points of ionic liquids. Also, the increase in the anion 
size leads to a decrease in the melting point too [45-47]. 
 
 
1.1.3.4 Density 
 
            Mostly, ionic liquids are denser than water with values ranging from 1 to 
1.6 g cm -3 at 25 ºC and their densities decrease with increasing in the alkyl chain 
length in the cation systemically. The densities of ionic liquids are affected by the 
identity of cations and anions. The order of increasing density for ionic liquids 
composed of a single cation is: [CH3SO3]– ≈ [BF4]– < [CF3CO2]– < [CF3SO3]– < 
[C3F7CO2]– < [(CF3SO2)2N]– [48]. I. e, the larger the anion, the denser the ionic 
liquid is.  
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 1.1.3.5 Viscosity 
 
             Ionic liquids are of higher viscosities than other molecular solvents. Their 
viscosities are ranging from 10 to 500 mPa s at room temperature. Furthermore, 
high viscosity results in low diffusion coefficients and thus leads to slow mass 
transfer in ionic liquid/fluid multiphase systems [49,50]. The influence of 
temperature on viscosity is much more important than on density, where a strong 
decrease in viscosity is observed with increasing temperature making ionic liquids 
easier to apply [35,51-54]. The viscosity of ionic liquids is determined by van der 
Waals forces and hydrogen bonding. Electrostatic forces may also play an 
important role. Alkyl chain lengthening in the cation leads to an increase in 
viscosity [43]. This is due to stronger van der Waals forces between cations 
leading to increase in the energy required for molecular motion. Also, the ability 
of anions to form hydrogen bonding plays an important role [55].  
 
1.1.3.6 Conductivity 
 
            Conductivities and viscosities of ionic liquids are inversely linked in a 
proportional correlation in many systems with high viscosities leading to low 
conductivities. Furthermore, as compared with the common organic electrolyte 
systems, ionic liquids have good ionic conductivities (up to 10 mS cm–1) [41]. In 
some cases the conductivity value is up to 0.1 Ω–1 cm–1 at 200 °C. However, at 
room temperature their conductivities are usually lower than those of concentrated 
aqueous electrolytes. Based on the fact that the composition of ionic liquids is 
only ions, it would be expected that ionic liquids have rather high conductivities. 
However, the conductivity of any solution depends not only on the number of 
charge carriers but also on their mobility. For ionic liquids the ions are usually 
large and this reduces their mobility which, in turn, leads to lower conductivities. 
Furthermore, Lengthening of the chain, ion pair formation and ion aggregation 
lead to reduced conductivity [2,50]. For a given anion with a range of cations, 
conductivity generally decreases in the order 1-alkyl-3-methylimidazolium > N,N 
dialkylpyrrolidinium > tetra-alkylammonium, and this has been identified with a 
decrease in planarity of the cationic core [24].  
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1.1.3.7 Thermal stability 
 
            The thermal stability of ionic liquids is limited by the strength of their 
heteroatom–carbon and their heteroatom–hydrogen bonds, respectively [5]. At 
least on a short time scale, ionic liquids can be thermally stable up to temperatures 
of 450 °C [2]. However, decomposition could also occur if they are exposed to 
high temperatures for a long time.  
     
1.1.3.8 Electrochemical window 
 
                   By definition, the electrochemical window is the electrochemical 
potential range over which the electrolyte is neither reduced nor oxidized at an 
electrode. Moreover, the electrochemical window is an important property and 
plays a key role in using ionic liquids in electrodeposition of metals and 
semiconductors. In many cases it was found, in practice, that the constituent 
anions are oxidized at sufficiently large potentials, and at sufficiently low ones, 
the organic cations undergo reduction. The potentials at which these bulky 
processes are initiated determine the accessible electrochemical window for each 
liquid. The electrodeposition of elements and compounds in water is limited by its 
low electrochemical window of only about 1.2 V, while in most ionic liquids more 
than 4 V is achievable [24,56]. Generally, the wide electrochemical windows of 
ionic liquids have opened the door to electrodeposit metals and alloys at room 
temperature which were formerly obtained only from high temperature molten 
salts.  
 
 
1.1.4 Effect of impurities  
 
            From an electrochemical point of view, the trace levels of some impurities 
such as halide and alkali metal ions or molecular solvents in various types of ionic 
liquids can greatly influence electrochemical experiments. Halide and alkali metal 
ions are generally introduced during the synthesis of ionic liquids. Widespread 
studies for the influence of the purity of such reaction media on the catalytic 
activity and/or selectivity of the ionic liquid systems and their physical properties 
such as viscosity and electrochemical window were carried out [35,57-61].  
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1.1.5 Electrodeposition of metals and alloys 
 
         In general, room temperature ionic liquids with a melting point of 100 °C or 
below can be employed as solvents for the electrodeposition of metals and alloys. 
He et al. [62] and Tai et al. [63] reported that silver and palladium-silver alloys 
can be electrodeposited on glassy carbon electrode using organic substituted 
imidazolium cations and inorganic anions, such as BF4- and PF6- [62,63]. 
Furthermore, copper and copper-Zinc alloys can be electrodeposited on tungsten 
and nickel electrodes in ionic liquids based on imidazolium cation and BF4- anion 
[64,65]. Cadmium [66] can also be electrodeposited in basic [EMIm]Cl/BF4- 
mixtures.  
 
The electrodeposition of bulk antimony on glassy carbon and nickel electrodes 
in basic 1-ethyl-3-methylimidazolium chloride/tetrafluoroborate ionic liquid at 
different temperatures was investigated [67]. Several attempts were done for the 
electrodeposition of Pd–In alloys in aqueous baths because of the combination 
between In and Pd provides higher microhardness and wear-resistance coating 
than the pure Pd without sacrificing the low contact resistance of the palladium 
and also the Pd–In coatings can be used as replacement for Au, Ag and Pd 
coatings in various applications [68–74]. The electrochemistry and the 
electrodeposition of zinc and zinc alloys were studied in the Lewis acidic 
ZnCl2/[EMIm]Cl ionic liquids [75–77]. Moreover, Huang and Sun have reported 
that the electrodeposition of Pt, Fe, Sn and Cd with/without Zn in Lewis acidic 
ZnCl2/[EMIm]Cl ionic liquids can be achieved [78–82].  
 
Endres et al. [83] have reported that tantalum can be electrodeposited in 1-
butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) amide ([BMP]Tf2N) 
ionic liquid at  200 °C in addition to the formation of insoluble tantalum 
compounds on the electrode surface. The electrochemical behavior and the 
electrodeposition of titanium in l-butyl-3-methyl-imidazolium bis 
(trifluoromethylsulfonyl) amide ([BMIm]Tf2N) ionic liquid were reported: Ti 
nanowires have been deposited electrochemically, with in situ monitoring by 
scanning tunnelling microscopy (SEM) at room temperature. In a first step TiCl4 
is reacted to TiCl2, which is subsequently reduced to metallic Ti. [84,85] 
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The synthesis of new moisture stable Lewis acidic ionic liquids/deep eutectic 
solvents made from metal chlorides and quaternary ammonium salts at or around 
room temperature were discussed by Abbott et al. [86]. Moreover, the 
electrodeposition of black Cr films in the nanometre regime was successfully 
obtained from chromium (III) chloride hexahydrate and quaternary ammonium 
salts. The easy preparations and the low costs of these liquids make their use in 
many applications possible [87,88] 
 
1.1.6 Electrodeposition of aluminium  
 
        Owing to the excellent physical and chemical properties of Al coatings, it is 
widely used in modern industries. Furthermore, the interest in the preparation of 
aluminium coatings has steadily increased during the last decades as the excellent 
corrosion resistance of aluminium deposits provides solutions for many 
engineering problems such as chemical and atmospheric attack. The performance 
of an aluminium deposit as a protective layer was found to be superior to that of 
cadmium or zinc coatings. Another advantage of aluminium coating is the fact 
that it is readily anodized and the obtained oxide layer exhibits very good 
mechanical properties and an attractive aesthetic appearance which is not the case 
with the anodized layer formed on a number of metal alloys. For some 
applications, Al acts as a light material in automotive and planes as well as for 
decorative purposes. Several methods can be employed for the electrodeposition 
of aluminium on various metals - mainly on steel - such as metal spraying, hot-
dipping, vacuum deposition and cladding [89].  
 
However, these techniques are considered to be expensive, as high 
temperatures are required for the preparation of the coating because of the high 
melting point of aluminium. In addition the above methods are often impractical 
as the specimens could be damaged by heating at high temperatures. Several 
studies such as inorganic, organic and metallic-organic as well as potential Al 
plating baths have been subjected to a variety of spectroscopic and 
electrochemical studies including aluminium electrodeposition [90], possible 
electrolytes for molten salt batteries [91] and photoelectrochemical cell 
investigations [92-95].  
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Also, aluminium can be recovered from ores by the electrolysis of cryolite 
(Na3AlF6) and aluminium in the liquid state using Hall-Héroult process but this 
method is not suitable to coat other metals because it is carried out at 1000 °C [96, 
97]. Considerable efforts and researches have gone into the search for a suitable 
electrolyte that can be used for Al electrodeposition at ambient temperatures so as 
to reduce energy consumption as Al can not be deposited from aqueous solutions. 
In recent years, AlCl3-alkylpridinium halides have been shown to be suitable 
stable systems with low melting points over a wide composition range. The 
adjustable Lewis acid-base properties of these room temperature haloaluminate 
salts make them excellent solvents for the electrodeposition of Al. However, 
reactive metals such as aluminum and aluminum alloys cannot be deposited by 
these traditional techniques or in any aprotic solvent, because the electrochemical 
window of aqueous electrolytes is too narrow and the aluminium reactivity is (E° 
= –1.7 V vs. NHE). The electrodeposition process in aqueous solutions: water 
starts to decompose, forming hydrogen and oxygen before the metals begin to 
deposit; consequently, aluminium can only be electrodeposited from non-aqueous 
aprotic electrolytes such as molten salts and organic solvents. Many of these 
electrolytes are sensitive to air and moisture so that the aluminium 
electrodeposition process must be carried out in inert atmosphere such as argon or 
nitrogen. The baths for Al electrodeposition should have some requirements 
dependent on solute/solvent interaction phase [98,99]. 
 
1.1.6.1 Electrodeposition of aluminium in ionic liquids  
 
         Electrodeposition of aluminium in ionic liquids can be performed at 
room temperature. The aluminium deposits obtained are usually of good quality, 
high purity and of low porosity and heat resistance. Popular examples of such 
systems include the chloroaluminate ionic liquids, which are prepared by mixing 
anhydrous AlCl3 with a suitable organic halide. This kind of ionic liquids is the 
simplest system from which aluminium can be easily electrodeposited. As the 
molar ratio of this mixture changes, the melt can be classified as basic, neutral or 
acidic in the sense of Lewis acidity. In the neutral 1:l melt Al precursors are 
present almost entirely as AlCl4¯ ions, whereas in the 2:l melt it is present as 
Al2Cl7¯. In chloroaluminate ionic liquids (AlCl3:EMImCl) having a molar ratio 
between 1:l and 2:1, both Al2Cl7¯and AlCl4¯ ions will be present [100,101].  
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 A lot of work has been done using chloroaluminate ionic liquids to get high-
quality aluminum and aluminum alloy deposits because it has a very low melting 
point over a wide range of compositions, high intrinsic electrical conductivity at 
room temperature, and a low vapour pressure [102]. A lot of researches carried 
out using different generations of ionic liquids such as AlCl3/l-ethyl-3-methyl 
imidazolium chloride (AlCl3/[EMIm]Cl), AlCl3/l-ethyl-3-methyl- imidazolium 
bis(trifluoromethylsulfonyl) amide  (AlCl3/ [EMIm]Tf2N) and AlCl3/l-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl) amide (AlCl3/ [BMP]Tf2N) to 
get high quality aluminium and aluminium alloy deposits: The combination of l-
ethyl-3-methyl-imidazolium chloride ([EMIm]Cl) as cationic source and 
anhydrous aluminium trichloride (AlCl3) is widely employed as low temperature 
ionic liquids. Hussey and co-workers did extensive studies on the 
electrodeposition of aluminium and aluminium alloys in AlCl3/[EMIm]Cl ionic 
liquid [103-107]. These alloys are technologically important because of their 
corrosion resistance, especially pitting corrosion, and in some cases, their 
interesting magnetic properties.  
 
The electrodeposition, electrochemical nucleation and surface morphology of 
aluminium on both tungsten and aluminium electrodes from 2:1 molar ratio AlCl3:  
[EMIm]Cl ionic liquid were studied by Jiang et al. [108]. The electrodeposits 
obtained on both tungsten and aluminium electrodes were dense, continuous and 
well adherent. The AlCl3/[EMIm]Cl (60/40 mol.%) ionic liquid was used to 
electroplate mild steel by well adherent and highly corrosion resistant aluminium 
coatings  [109]. However, the quality of the deposit can be greatly improved by 
utilizing pulse plating techniques [110,111] or by the addition of some organic 
solvents such as benzene and methyl-t-butyl ether [111] that improve the deposit 
surface morphology. It is possible that the organic molecules play the role of 
brighteners. Endres et al. reported that nanocrystalline aluminium can be made 
electrochemically in Lewis acidic ionic liquids based on AlCl3 and [EMIm]Cl 
under galvanostatic conditions by addition of nicotinic acid [112]. Also the 
AlCl3/[EMIm]Cl mixture is a viscous and transparent liquid at room temperature 
when the molar composition is in the range of 0.3:1 to 2:1 [113].  
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Moreover, The mechanism of the electrodeposition and dissolution processes 
of aluminium in room temperature AlCl3/[EMIm]Cl ionic liquid on glassy carbon 
was studied by Lai [114].  The obtained results indicated that the aluminium 
deposition process at the above-mentioned substrates is preceded by a nucleation 
step and is kinetically complicated. The deposited aluminium was found to be 
unstable and subject to a slow corrosion process. This is most likely due to 
impurities and organic cations present in the melt. Also, aluminum deposition 
from AlCl3/[EMIm]Cl ionic liquid was studied by employing an inverted optical 
microscope to perform in situ optical observations during the deposition process at 
tungsten electrode. Thin and continuous aluminum coatings with crystal sizes 
below optical microscopic resolution are produced. Analysis of 
chronoamperograms indicated that the deposition process involves progressive 
nucleation with diffusion-controlled growth of the three-dimensional nuclei [115].  
  
In addition, the electrodeposition of Al in ionic liquids based on more 
hydrophobic anions such as Tf2N- anion has attracted more attention in the last 
years. Endres et al. [116-118] have investigated the electrodeposition of 
aluminium on Au substrates from the AlCl3 salt in different air- and water-stable 
ionic liquids which have the same anion such as 1-butyl-1-methyl-pyrrolidinium 
bis(trifluoromethylsulfonyl) amide [BMP]Tf2N, 1-ethyl-3-methyl-imidazolium 
bis(trifluoromethylsulfonyl) amide [EMIm]Tf2N and trihexyl-tetradecyl 
phosphonium bis(trifluoromethylsulfonyl) amide [P14,6,6,6]Tf2N. It was found that 
[BMP]Tf2N and [EMIm]Tf2N ionic liquids show biphasic behaviour with the 
AlCl3 concentration range from 2.5 to 5.5 M and 1.6 to 2.5 M, respectively. The 
biphasic mixtures become monophasic at temperatures ≥ 80 oC. In [EMIm]Tf2N 
ionic liquid, microcrystalline aluminium can be electrodeposited as coarse cubic-
shaped microcrystallines in the upper phase of the biphasic AlCl3/[EMIm]Tf2N 
mixture. However, uniform, dense, shining and adherent aluminium particles of 
sizes in the nanometer range were obtained in the AlCl3/[BMP]Tf2N mixture. 
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2. Experimental   
 
 
2.1 Chemicals  
Anhydrous aluminium chloride (AlCl3) salt (Fluka, 99%) was used as a source 
of aluminium ions in the ionic liquids. In the present thesis, the following ionic 
liquids were employed: 1-ethyl-3-methylimidazolium chloride [EMIm]Cl,           
1-ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl) amide [EMIm]Tf2N 
and 1-butyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl) amide 
[BMP]Tf2N, in ultrapure quality. Prior to use, the 1-ethyl-3-methylimidazolium 
chloride salt [EMIm]Cl (99.9%) and the other two ionic liquids were dried under 
vacuum at 70°C and 100°C, respectively, for 12 hours to remove residual 
moisture. The solution preparation and all electrodeposition experiments were 
performed under inert gas condition (H2O, O2 < 2 ppm) inside an argon-filled 
glove box (OMNI-LAB from Vacuum-Atmospheres). The structures and physical 
properties of the employed ionic liquids are shown in table (2.1).  
 
 
           
 
Ionic liquid [EMIm]Cl [EMIm]Tf2N [BMP]Tf2N 
Cation 
 
 
 
 
  
 
Structure 
  
Anion 
 
 
 
  
Molar Mass (g/mol) 146.62 391.31 422.41 
Melting point (°C) 80* -15 [119] -18 [23]
Density (g/ml) 1.12* 1.46 [43] 1.41 [23]
Viscosity (mPa.s) 47.4* 27 [120] 60 [120]
Conductivity (mS/cm)  7.63 [121] 3.4 [120]
  * at 80 ºC  
 
 
Table. 2.1. The structures and physical properties of the employed ionic liquids  
(Sigma- Aldrich.com/ionic liquids). 
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2.2 Compositions                                                                                   
The chemical compositions of AlCl3 in the three ionic liquids [EMIm]Cl, 
[EMIm]Tf2N and [BMP]Tf2N, used for aluminium deposition are listed in table 
(2.2). 
 
             
[BMP]Tf2N [EMIm]Tf2N [EMIm]Cl  Ionic liquid 
1.8  mol/l 5.5  mol/l 60% AlCl3  
Two Two One Phases 
           Table 2.2. The chemical compositions of AlCl3 in the three ionic liquids. 
 
 
 
2.2.1 AlCl3/[EMIm]Cl ionic liquid 
 
The first ionic liquid AlCl3/1-ethyl-3-methylimidazolium tetrachloroaluminate 
(AlCl3/[EMImCl]) is formed at room temperature (25 ºC) by combining of highly 
pure anhydrous AlCl3 and highly purified 1-ethyl-3-methylimidazolium chloride 
salt (see figure 2.1). Only AlCl3 grains were used, as powders (even in 99.998% 
quality) contain only little amount of electrochemically active AlCl3 due to the 
presence of inactive basic aluminium chloride. The ionic liquid AlCl3/[EMIm]Cl 
was prepared by adding carefully sublimed AlCl3 to the EMImCl in a molar ratio 
of 3:2 ensuring a Lewis acidic composition. This mixing is highly exothermic, 
therefore care must be taken to ensure that the temperature does not rise above 
100 ºC as decomposition may occur. The colour of the ionic liquid changes to pale 
yellow by the addition of AlCl3. The Lewis acidic composition of this ionic liquid 
allows Al electrodeposition at room temperature as will be shown in chapter (3). 
 
               b
 
 
 
 
 
 
 
 
 
Fig.2.1
AlCl3. 
liquid. 
   a. (a) dried 1-ethyl-3-meth
(c) The prepared Lewis ylimidazolium chloride sa
acidic AlCl3 : EMImCl (
13clt. (b) pure anhydrous 
3:2 molar ratio) ionic 
2.2.2 AlCl3/[EMIm]Tf2N ionic liquid 
 
The second used ionic liquid AlCl3/1-ethyl-3-methylimidazolium bis(trifluoro- 
methylsulfonyl) amide (AlCl3/[EMIm]Tf2N) shows a biphasic behaviour with 
increasing concentration of AlCl3: as was also first reported by Endres et al. At a 
concentration of AlCl3 of more than 2.5 M, a biphasic mixture is formed. Al can’t 
be deposited at concentrations below 2.5 M. Both the upper and the lower phase 
are liquid. The upper phase of the mixture AlCl3/[EMIm]Tf2N is clear and 
colourless while the lower one is pale and more viscous. Upon further addition of 
AlCl3, the color of the upper phase turns pale yellow and the viscosity of the lower 
phase increases and it solidifies at an “added” concentration of a bit more than 5 
M. The mixture [EMIm]Tf2N/AlCl3 with a concentration of AlCl3 of 5.5 M was 
selected as a standard electrolyte for electroplating of Al layers on mild steel in 
the present experiments. The biphasic mixture also becomes monophasic by 
heating up to a temperature of about 80°C (see figure 2.2). It was found that Al 
can only be deposited from the upper phase even at different AlCl3 concentrations, 
that is, the clear one as will be shown in chapter (3). It must be mentioned here 
that all of the above descriptions are in agreement with that repeated firstly by 
Endres et al. [116,117]. The present thesis focuses on the electrodeposition of Al 
from these systems on mild steel. This is also the case for the ionic liquid 
[BMP]Tf2N   
 
 
                                a b
 
 
 
 
 
 
 
 
Fig.2.2. (a) A biphasic mixture of the ionic liquid 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl) amide containing 5.5 M AlCl3 at room temperature. 
(b) The biphasic mixture becomes monophasic at 80 °C. 
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2.2.3 AlCl3/[BMP] Tf2N ionic liquid 
  
Also, the third used ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoro- 
methylsulfonyl)imide [BMP]Tf2N shows a biphasic behaviour, above a 
concentration of AlCl3 of 1.6 M. In this ionic liquid, AlCl3 dissolved less easily 
than that in [EMIm] Tf2N ionic liquid. The lower phase is colourless while the 
upper one is pale and more viscous. By further addition of AlCl3 the volume of the 
lower phase decreases till reaching a concentration of 2.7 M, then only one solid 
phase is formed. The mixture [BMP]Tf2N/AlCl3 with a concentration of AlCl3 of 
1.8 M was selected as a standard electrolyte for electroplating of Al layers on mild 
steel in the present experiments. The biphasic mixture of AlCl3/[BMP] Tf2N 
becomes monophasic by heating up to a temperature higher than 80°C (see figure 
2.3). It was found that Al can only be deposited from the upper phase of the 
biphasic mixture as repeated by Endres et al. [116,117]. 
 
 
                  a b
 
 
 
 
 
 
 
 
 
 
Fig.2.3. (a) A biphasic mixture of the ionic liquid 1-butyl-1-methyl pyrrolidinium 
bis(trifluoromethylsulfonyl) amide containing 1.6 M AlCl3 at room temperature. 
(b) The biphasic mixture becomes monophasic at 80 °C.  
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2.3 Electrochemical cells  
 
Figure 2.4 shows the room temperature electrochemical cell used for the 
electrodeposition experiments: it was made of teflon and clamped over a Teflon 
covered Viton O-ring onto the substrate yielding a geometric surface area of 0.3 
cm2. For experiments at higher temperature a glass flask with a Teflon cap, as 
shown in figure 2.5, was used. Prior to use, all parts in contact with the solution 
were thoroughly cleaned in a mixture of 50/50 vol % of concentrated H2SO4 and 
H2O2 (35%) followed by refluxing in bi-distilled water. For fundamental studies, 
gold substrates from Molecular imaging (gold on glass) were used as working 
electrodes (WE). Before use, the Au substrates were carefully heated in a H2 flame 
for several minutes to remove surface contaminants. After plating, the cathode 
was withdrawn, washed with isopropanol and dried. For the electrodeposition 
experiments, the working electrode is a mechanically polished thin mild steel 
sheet. Prior to use, it was cleaned with acetone in an ultrasonic bath, dried and 
transferred to the inert gas glovebox to avoid a severe surface oxidation. Pure Al-
wire (Alfa, 99.999%) of 0.5 cm diameter and Al-sheet were used as reference 
(RE) and counter electrodes (CE), respectively. They were mechanically polished 
to remove the oxide film, rinsed with acetone and dried under vacuum. 
 
 
 
                                                                                                   
                                                                                                                                 
                                                                                                             
 
 
                                                     
 
 
 
 
 
 
 
 
Fig. 2.4. Electrochemical cell used for Al 
 electrodeposition at room temperature 
             Fig. 2.5. Electrochemical cell for Al 
 electrodeposition at different temperatures.   
 
 16
2.4 Methods 
 
 2.4.1 Cyclic voltammetry 
  
Cyclic voltammetry is a type of potentiodynamic electrochemical 
measurement used for providing information about the redox potentials of 
chemicals and interfacial structures. For the majority of experiments the 
electroactive species are dissolved in solutions. A potentiostat requires a three-
electrode cell with a reference electrode (RE), a working electrode (WE) and a 
counter electrode (CE). The potentiostat is required to impose on the WE a cyclic 
potential sweep and to output the resulting current-potential curve.  
 
 
 
 
 
 
 
 
 
Fig.2.6. Principle of cyclic voltammetry: (a) potential sweep and (b) redox process. 
 
 
As shown in Figure 2.6, there is triangular linear potential sweep as described in 
the following:  
  
           E = Ei + vt        (forward sweep) 
 
           E = Es – vt         (reverse sweep) 
 
 
Where Ei, Es and E, are initial, switching and final potentials in volt, respectively.      
v and t are sweep (or scan) rate in V s-1 and time in sec, respectively. The 
electrochemical reaction of interest takes place at the WE. Electrical current at the 
WE due to electron transfer is termed faradaic current. A counter electrode (CE) 
is driven by the potentiostatic circuit to balance the faradaic process at the WE 
with an electron transfer of opposite direction (i.e., if reduction takes place at the 
WE, oxidation takes place at the CE).  
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The process at the CE is typically not of interest, and in most experiments the 
small currents observed mean that the electrolytic products at the CE have no 
influence on the process at the WE. The faradaic current at the WE is transduced 
to a potential at a selected sensitivity, expressed in amperes, and recorded in a 
digital or analog form. The CV response is plotted as current versus potential. 
During the forward sweep the oxidized form is reduced, while on the reverse 
sweep the reduced form near the electrode is reoxidized in case of reversible 
processes. Chemical reaction coupled to the electrode reaction can drastically 
affect the shape of the CV response.  Cyclic voltammetry is very useful because it 
helps in understanding the nature of electrodeposition process. For this reason, 
cyclic voltammograms for Al deposition in [EMIm]Cl, [EMIm]Tf2N and 
[BMP]Tf2N ionic liquids were studied. The cyclic voltammetry measurements 
were performed in an inert gas glove box using a Parstat 2263 
Potentiostat/Galvanostat (Princeton Applied Research) controlled by a Power CV 
software. The potential was swept in both cathodic and anodic direction with a 
scan rate of 10 mV s-1.  
 
2.4.2 Scanning electron microscopy (SEM)  
 
Scanning electron microscopy is a standard technique used for giving 
information about the surface morphology of some selected samples of the 
electrodeposited aluminium on both gold and mild steel surfaces using a high-
resolution field emission scanning electron microscopy (HR-SEM, Carl Zeiss 
DSM 982 Gemini). The electron beam, with electron’s energy up to 50 keV, is 
generated by heating of a pin-shaped metallic cathode (electron gun; usually a 
metal, which has a high melting point and a low vapor pressure, for example, 
tungsten) and accelerated by a high voltage at the anode as shown in Figure 2.7. 
The beam moves through the column of the microscope by an electrical field. 
Focusing is achieved by a system of electromagnetic lenses. Primary electrons 
strike the surface causing a series of elastic and inelastic interactions with the 
atoms of the sample. The elastic interactions with the nucleus of the atoms 
produce the backscattered electrons whereas the inelastic interactions with the 
electrons induce the secondary electrons ejection. Recombination of these 
electrons with the sample’s holes leads to generation of the photons, which have 
the wavelengths in the visible and infrared region. Inelastic interactions with the 
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nucleus of the atoms lead to an ionization processes, which, in one’s turn, cause 
the generation of the characteristic X-rays. Besides, interactions between the 
primary electrons and the sample electrons may induce Auger electrons ejection. 
Since SEM uses the electrons to obtain an image and the measurement are 
performed in vacuum, the sample must be dry and electrically conductive. Thus, 
SEM in combination with an elemental analysis provides good information about 
topography and morphology of the surface, crystallography and elemental 
composition of the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.7. A schematic view of the scanning electron microscope (SEM) principle.  
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2.4.3 Energy dispersive X-ray analysis (EDAX)  
 
This technique is used simultaneously with SEM analysis for determination of 
the elemental composition of surface films through interactions between the 
electromagnetic radiation and the substrate, analyzing X-rays emitted by the 
substrate in response to being hit with charged particles (see Figure 2.8.). At rest, 
an atom within the sample contains ground state electrons in discrete energy levels 
or electron shells bound to the nucleus. The incident beam may excite an electron 
in an inner shell, ejecting it from the shell while creating an electron hole where 
the electron was. An electron from an outer, higher-energy shell then fills the hole, 
and the difference in energy between the higher-energy shell and the lower energy 
shell may be released in the form of an X-ray. The number and energy of the X-
rays emitted from a specimen can be measured by an energy dispersive 
spectrometer. As the energy of the X-rays is characteristic of the difference in 
energy between the two shells, and of the atomic structure of the element from 
which they were emitted, this allows the elemental composition of the specimen to 
be measured. In the present work, SEM and EDX measurements of 
electrochemically made aluminium films were performed. For this purpose, the 
working electrode with the electrodeposit on it was removed from the glove box, 
washed with isopropanol (99.5%, water < 0.05 %) in order to remove the ionic 
liquid, dried under vacuum and stored in the glove box before analysis. 
  
 
 
 
 
 
 
 
 
 
 
 
Fig.2.8. Schematic illustration of energy dispersive X-ray analysis (EDAX) principle.  
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2.4.4 X-ray diffraction (XRD)  
 
X-ray diffraction (XRD) is a well-established technique used for the 
determination of crystallographic structures of solid materials. This technique uses 
Bragg's Law to determine the type and relative amount of crystalline substances in 
a bulk sample. As shown in Figure 2.9, the diagram illustrates how crystalline 
structure (shown diagrammatically as a lattice work of atoms) determined through 
x-ray diffraction. As the crystal and detector rotate, x-rays diffract at specific 
angles. The detector reports the intensity (I) of x-ray photons it receives as it 
moves. Angles of diffraction are marked by peaks. The peak height is a function 
of the interaction of the x-rays with the crystal and the intensity of the source. In 
addition, the peaks of the XRD pattern can be used to determine the crystallite 
sizes. The crystallite sizes can be calculated using standard Sherrer’s formula 
[122]:   
D = 0.9λ/βcosθ 
where D is the crystallite size in nm, λ is the radiation wavelength, θ is the 
diffraction peak angle, and β is the line width at half peak intensity. β can be 
calculated using the formula:   
β2 = βm2 - βs2
where βm is the measured full width at half maxima (FWHM) and βs is the FWHM 
of a standard silicon sample. Therefore, the crystal structures of as deposited 
aluminium on mild steel and gold substrates were examined by X-ray diffraction 
analysis using a Siemens D-500 diffractometer with CuKα radiation.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.9.  Schematic illustration of  X-ray diffraction (XRD) principle.  
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3. Results and discussion 
 
3.1 Aluminium electrodeposition 
 
3.1.1 Electrodeposition of Al from chloroaluminate based ionic liquids 
 
3.1.1.1 Electrodeposition of Al from AlCl3/[EMIm]Cl  
 
In this part of the thesis the electrodeposition of aluminium in Lewis acidic 
AlCl3/1-ethyl-3-methylimidazolium chloride (AlCl3/[EMIm]Cl) ionic liquid is 
presented. This system is suitable for the electrodeposition of aluminium and 
aluminium alloys. One of the most chemically important aspects of chloroaluminate 
ionic liquids is their adjustable Lewis acidity, which can be altered by varying the 
molar ratio, nAlCl3: n[EMIm]Cl, where nAl represents the number of moles of 
AlCl3 and n[EMIm]Cl represents the number of moles of 1-ethyl-3-
methylimidazolium chloride salt: Ionic liquids that contain an excess of AlCl3 over 
[EMIm]Cl are considered Lewis acidic due to the presence of coordinately 
unsaturated species such as Al2Cl-7, whereas those that contain an excess of 
[EMIm]Cl over AlCl3 are denoted as basic due to the presence of unbound chloride 
ions. The main acid-base reaction characterizing organic chloroaluminates such as 
AlCl3/[EMIm]Cl at ambient temperature may be described by the following 
equilibrium [100,101]:  
 
 
 
2 AlCl4¯              Al2Cl7¯ + Cl ¯ 
 
 
 
With an equilibrium constant K = 3.8 x 20-13 at 30 °C. In acidic melts, Al2Cl7¯ ion is 
the only species from which aluminium can be electrodeposited according to the 
following reaction:   
 
 
4 Al2Cl7¯+ 3e¯               Al + 7 AlCl4¯ 
 
 
In the presence of excess AlCl3, the following reaction is virtually complete:  
 
 
                                      AlCl4¯ + AlCl3                Al2Cl7¯ 
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It must be mentioned here that the deposition of Al from such systems has been 
already reported. But for comparison purposes it is studied here. In this study AlCl3 
mixes well with the 1-ethyl-3-methylimidazolium chloride salt to a concentration of 
(60 mol.-%) giving a clear yellowish solution as shown in figure 2.1., from which Al 
can be deposited. Many studies have been reviewed in details about the preparation 
and the purification of the chloroaluminate ionic liquid systems by Stafford and 
Hussey [123]. The electrodeposition of Al was investigated from this Lewis acidic 
chloroaluminate based ionic liquid (3:2 molar ratio) and it was found that at room 
temperature Al can be easily deposited.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.1. The prepared Lewis acidic AlCl3 : EMImCl (3:2 molar ratio) ionic liquid. 
 
 
Cyclic voltammetry helps in understanding the nature of the electrodeposition 
process. For this reason, the cyclic voltammograms for Aluminium deposition in the 
Lewis acidic AlCl3/EMImCl (3:2 molar ratio) ionic liquid at room temperature were 
studied. Figure (3.1) shows a typical cyclic voltammogram of the Lewis acidic 
AlCl3/EMImCl (3:2 molar ratio) ionic liquid at room temperature. The electrode 
potential was scanned cathodically from the open circuit potential to more negative 
values with a scan rate of 10 mVs-1. All electrode potentials are referred to Al/Al 
(III). At a potential of –0.1 V vs. Al/Al (III), the bulk deposition of Al takes place, 
as shown by the sharp increase of the current, where a clear larger of Al is already 
seen by naked eye.  
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The overlapping of the current values in the forward scan with that in the back 
scan refers to a nucleation process. A wide anodic peak (E`) is recorded on the 
reverse scan at a potential of about 0.15 V that is correlated to full stripping of the 
as-deposited aluminium. Here, stripping seems to be kinetically hindered which is a 
common phenomenon in ionic liquids [54].  
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Fig. 3.1. Cyclic voltammogram recorded at Au (111) substrate in the Lewis acidic 
AlCl3 : EMImCl (3:2 molar ratio) ionic liquid at room temperature. The scan rate 
was 10 mVs-1. 
 
 
Figure (3.2) shows the surface morphology of the as deposited aluminium film 
produced potentiostatically on Au (111) substrate at -0.2 V vs. Al/Al (III) at room 
temperature for two hours in the Lewis acidic AlCl3/EMImCl (3:2 molar ratio) ionic 
liquid. Visually, a dens aluminium film is formed on the surface. The SEM 
micrograph of such an Al film shows that the layer contains micro crystallites with 
an average size of about 5 µm with a porous appearance.  
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Fig. 3.2. SEM micrographs of electrodeposited Al films on Au (111) substrate in the 
Lewis acidic ionic liquid AlCl3/1-ethyl-3-methyl imidazolium chloride (3:2 molar 
ratio) after potentiostatic polarization (E = –0.2 V) for 2 hours at room 
temperature. 
 
Figure (3.3) shows the EDAX profile of the same sample shown in fig. (3.2).     
It is clearly seen that the EDAX spectrum shows only one characteristic peak of Al.  
This is consistent with the SEM results, which show that the crystal size is in the 
micrometer regime. In the light of the mentioned results, it is concluded that in the 
employed chloroaluminate ionic liquid the Al deposit is always microcrystalline at 
room temperature. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. EDAX profile for the area shown in the SEM micrograph (Fig. 3.2.).  
   
 
 
 
 
 
 
 
 
 25
3.1.1.2 Electrodeposition of Al from [AlCl3/(EMImCl:BzMImCl)]  
 
In this study the electrodeposition of aluminium was carried out in a new system 
based on the gradual replacement of the 1-ethyl-3-methylimidazolium chloride salt 
(EMImCl = 40 mol.-%), which contains two alkyl groups, by the 1-benzyl-3-
methylimidazolium chloride salt (BzMImCl) which contains one alkyl and one aryl 
group, (see Fig. 3.4). The concentration of AlCl3 was fixed at 60 mol.-%, during the 
preparation of the Lewis acidic AlCl3/1-ethyl-3-methylimidazolium chloride 
(AlCl3/[EMIm]Cl) ionic liquid. This study aims to study the effect of the aromatic 
group of the imidazolium cation on the electrodeposition of aluminium through 
EMImCl : BzMImCl molar ratios of: 40:0, 30:10, 20:20, 10:30 and 0:40 mol.-%/   
60 mol.-% AlCl3, respectively.  
 
        
      
                
                             +                       :  AlCl3
                                         
 
                                       
                                  2                  :     3    
                
  
Fig. 3.4. Simplified scheme for the prepared Lewis acidic AlCl3: 
(EMImCl/BzMImCl) (3:2 molar ratio) ionic liquid based on 1-ethyl-3-
methylimidazolium chloride salt (EMImCl=M.Wt.146.42), 1-benzyl-3-
methylimidazolium chloride salt (BzMImCl= M.Wt.208.69) and aluminium chloride 
(AlCl3= M.Wt.133.35), respectively.  
 
 
Figure (3.5) represents the cyclic voltammograms of the Lewis acidic 
AlCl3:EMImCl/BzMImCl (3:2 molar ratio) ionic liquid mixture at room temperature 
containing a fixed amount of AlCl3 (60 mol.-%) on gold substrates at different 
(EMImCl:BzMImCl) molar ratios: 40:0, 30:10, 20:20, 10:30 and 0:40 mol.-%/      
60 mol.-% AlCl3, respectively. As shown from the figure, all cyclic voltammograms 
exhibit the same general feature of the cyclic voltammogram recorded for the Lewis 
acidic ionic liquid AlCl3/ EMImCl (3:2 molar ratio). However, it can be clearly seen 
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that the Al deposition potential shifts gradually to less negative values and the peak 
currents of both deposition and stripping peaks significantly decrease upon 
increasing the BzMImCl content. This is ascribed to the decreased mobility of the 
electroactive species towards the electrode surface due to an increase of viscosity 
caused by further addition of the more viscous BzMImCl ionic liquid, which, in 
turn, leads to a lower diffusion rate [124]. 
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Fig. 3.5. Cyclic voltammograms acquired on Au substrate in AlCl3 containing ionic 
liquid mixture of [EMImCl:BzMImCl] at different molar ratios : a) (40:0 mol.-%), 
b) (30:10 mol.-%), c) (20:20 mol.-%), d) (10:30 mol.-%) and e) (0:40 mol.-%), 
respectively, the AlCl3 concentration is kept constant (60 mol.-%) in all. The scan 
rate was 10 mVs-1, at room temperature. 
 
 
 
The SEM micrographs in Fig. 3.6 show the effect of increasing the content of 
BzMImCl in the ionic liquid mixture (EMImCl:BzMImCl) from 40:0 mol.-% to 
0:40 mol.-% with keeping a constant concentration of AlCl3 (60 mol.-%) on the 
grain size of the deposited Al. The Al deposits were obtained potentiostatically at 
room temperature and at a potential of – 0.2 V vs. Al/Al (III) for two hours on gold 
substrates: It is clearly seen that the surface morphology of the deposited aluminium 
film show gradual change of Al deposites from compact and dense to large coarse 
cubic-shaped microcrystallites with increasing BzMImCl molar ratio. 
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Fig. 3.6. SEM micrographs of electrodeposited Al films on Au substrates in Lewis 
acidic ionic liquid consists of a fixed AlCl3 concentration (60 mol.-%) and a mixture 
of the ionic liquids EMImCl:BzMImCl as follows: , a) (40:0 mol.-%), b) (30:10 
mol.-%), c) (20:20 mol.-%), d) (10:30 mol.-%) and e) (0:40 mol.-%), respectively. 
The deposits were obtained after potentiostatic polarization (E = –0.2 V) for 2 
hours at room temperature. a’, b’, c’, d’ and e’ are higher resolution SEM images of 
the corresponding a, b, c, d and e images. 
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The replacement of the methyl group by a benzyl group in the imidazolium salt 
in the ionic liquid increases the viscosity of the electrolyte and decreases the mass 
transport of the electroactive species towards the electrode surface, which, in turn, 
leads to a slower rate of deposition and hence more chance to form a crystalline 
deposit. There is an internal stress can originate from intrinsic film stress and from 
interfacial stress between the deposit and the substrate. In general, this maybe 
attributed to some factors such as coalescence of the crystallites, inclusion of foreign 
species or generation of structural defects [125]. However, very fine 
microcrystalline aluminium as coating is an interesting material because by 
decreasing the particle size an increase in hardness is usually observed. A “hard” 
aluminium coating on reactive substrates such as mild steel is interesting for 
corrosion protection. 
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Fig. 3.7. Adiagram shows the change in thickness of Al deposit obtained from the 
AlCl3 containing Lewis acidic ionic liquid mixture [EMImCl:BzMImCl] on Au 
substrates at different molar ratio: a) (40:0 mol.-%), b) (30:10 mol.-%), c) (20:20 
mol.-%), d) (10:30 mol.-%) and e) (0:40 mol.-%), respectively. AlCl3 was kept 
constant (60 mol.-%) in all cases. The deposits obtained after potentiostatic 
polarization (E = –0.2 V) for 2 hours at room temperature. 
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The diagram in figure (3.7) shows the thickness change of the electrodeposited 
Al films with changing the molar ratio of the ionic liquid mixture 
[EMImCl:BzMImCl] from 40:0 up to 0:40 mol.-% at the same reaction conditions. 
The figure shows gradual decrease of Al film thickness with increasing the 
BzMImCl content at a given constant time of electrolysis. The raising of BzMImCl 
(at constant AlCl3 concentration) leads to shifting the bulk deposition potential of Al 
gradually to less negative values, see figure 3.5, and hence to a slower deposition 
rate at a constant potential. This explains the decrease in thickness.  
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3.1.1.3 Electrodeposition of Al from [(EMImCl/AlCl3):BzMImCl]  
 
In the present part, Al electrodeposition is carried out in the Lewis acidic 
AlCl3:EMImCl (3:2 molar ratio) ionic liquid with addition of different weight 
percents (wt.-%) of 1-benzyl-3-methylimidazolium chloride salt (BzMImCl) 
compared with weight percent of the Lewis acidic ionic liquid (see Fig. 3.8). The 
objective of this study is to investigate the effect of increase of the imidazolium salt 
content and decrease of AlCl3 content at the same time in the ionic liquid on the Al 
deposites.  
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Fig. 3.8. Simplified scheme for the prepared Lewis acidic AlCl3/[EMIm]Cl ionic 
liquid with weight percents of  1-benzyl-3-methylimidazolium chloride salt 
(BzMImCl).  
 
Figure (3.9) shows the cyclic voltammograms of the Lewis acidic AlCl3/1-ethyl-
3-methylimidazolium chloride (AlCl3/[EMIm]Cl) ionic liquid based on different 
weight percents (wt.-%) of BzMImCl salt: 0, 5, 10, 15 and 20 wt.-%, respectively, 
on gold substrates after potentiostatic polarization (E = –0.2 V) for 2 hours at room 
temperature. The figure shows that, the cyclic voltammograms obtained for the 
BzMImCl (wt.-%) containing ionic liquid exhibiting the same general feature of the 
cyclic voltammogram of AlCl3/EMImCl (3:2 molar ratio) ionic liquid. By the 
addition of BzMImCl to the ionic liquid, the deposition potential shifts gradually to 
less negative values by increasing the cationic imidazolium molar ratio (more than 
40 mol.-%) content and decreasing the AlCl3 molar ratio (less than 60 mol.-%) at the 
same time. Moreover, increasing the cationic salt content, especially containing the 
aromatic ring, the current value and the peak size of both deposition and stripping 
significantly decrease. This result is due to increased viscosity and decreased 
aluminium content as a whole at the same time in the electrolyte caused by further 
addition of BzMImCl to the ionic liquid. Furthermore, inhibiting the reaction flow 
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rate of both cathodic deposition and anodic dissolution as result of the few AlCl3 
species exist and also decrease the mobility and mass transfer of the electroactive 
species towards the electrode surface as a result of the presence of branched benzyl 
group in the imidazolium structure. The ionic liquids with aromatic rings have 
higher densities and viscosities than the ones having alkyl. So, the physical and 
chemical properties of these ionic liquid systems strongly dependent on the 
electrolyte species [124]. 
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Fig. 3.9. Cyclic voltammograms acquired on Au substrate in the BzMImCl (wt.-%) 
containing ionic liquid mixture of AlCl3/EMImCl (3:2 molar ratio) at different 
weight percents: a=0 wt.-%), b=5 wt.-%), c=10 wt.-%), d=15 wt.-%), e=20 wt.-%), 
respectively, after potentiostatic polarization (E = –0.2 V) for 2 hours at room 
temperature. The scan rate was 10 mVs-1. 
 
The surface morphology of electrodeposited Al films obtained  potentiostatically 
at – 0.2 V for two hours in the Lewis acidic AlCl3/[EMIm]Cl ionic liquid contains 
weight percents  of  BzMImCl salt: 0, 5, 10, 15 and 20 wt.-%, respectively, on gold 
substrates at room temperature are shown in figure 3.10. The SEM micrograph of 
such Al films shows that the addition of BzMImCl from 0 up to 20 wt.-% to the 
Lewis acidic ionic liquid affected on the Al electrodeposition. So, it is clearly seen 
that the deposited aluminium films show gradual change of Al deposits from dense 
and compact to very fine microcrystallites. 
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Fig. 3.10. SEM micrographs of electrodeposited Al films on Au substrates in the 
BzMImCl (wt.-%) containing ionic liquid AlCl3/EMImCl (3:2 molar ratio) as 
follows: a=0 wt.-%), b=5 wt.-%), c=10 wt.-%), d=15 wt.-%) and e=20 wt.-%), 
respectively. The deposits were obtained after potentiostatic polarization (E = –0.2 
V) for 2 hours at room temperature, a’, b’, c’, d’ and e’ are higher resolution SEM 
images of the corresponding a, b, c, d and e images.  
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This result is due to the AlCl3 molar ratio decreased to less than 60 mol.-% and 
this decreases grain size of the Al deposited crystallites. Furthermore, excess of the 
benzyl based imidazolium content increases the viscosity of the ionic liquid and 
decreases the mobility of the electroactive species towards the electrode surface at 
the same time, which, in turn, leads to inhibiting the reaction rate of both oxidation 
and reduction. Figure (3.11) shows the thickness diagram of the electrodeposited Al 
films obtained in the mentioned ionic liquid with BzMImCl salt from 0 up to 20 
(wt.-%), respectively. The figure shows clearly decrease of a Al film thicknesses 
with increasing the addition of BzMImCl salt. The addition of BzMImCl to the ionic 
liquid leads to shifting the bulk deposition potential gradually to less negative at the 
expense of AlCl3 molar ratio. So, the thickness value of Al films, which, in turn, 
directly proportional with the applied current values and act as a main factor in the 
calculations decreased.  
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Fig. 3.11. A diagram shows the change in thickness of Al deposit obtained from the 
BzMImCl (wt.-%) containing ionic liquid AlCl3/EMImCl (3:2 molar ratio) as 
follows: a=0 wt.-%), b=5 wt.-%), c=10 wt.-%), d=15 wt.-%) and e=20 wt.-%), 
respectively. The deposits were obtained after potentiostatic polarization (E = –0.2 
V) for 2 hours at room temperature. 
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3.1.1.4 Electrodeposition of Al from [AlCl3/(EMImCl:DBzImCl)]  
 
As the presence of a benzyl group in the imidazolium based ionic liquid showed 
an effect on the morphology and thickness of Al deposit, it was of interest to 
investigate the effect of “two” aromatic substituents on Al deposition. In this part 
was carried out by gradual replacement of 1-ethyl-3-methylimidazolium chloride 
salt (EMImCl = 40 mol.-%) by 1,3-dibenzylimidazolium chloride salt (DBzImCl) 
(see Fig. 3.12). The concentration of AlCl3 was kept constant (60 mol.-%). The 
(EMImCl : DBzImCl) molar ratios was changed as follows: 40:0, 30:10, 20:20, 
10:30 and 0:40 mol.-%, respectively.  
 
 
        
      
                 
                              +                          :   
                                         
 
                                       
                                             
 
                                  2                      :     3    
 
Fig. 3.12. Simplified scheme for the prepared Lewis acidic AlCl3:(EMImCl/ 
DBzImCl) (3:2 molar ratio). 
  
 
 
Figure (3.13) represents the cyclic voltammograms of the Lewis acidic 
AlCl3:EMImCl/DBzImCl (3:2 molar ratio) ionic liquid at room temperature 
containing fixed amount of AlCl3 (60 mol.-%) on gold substrates at different 
(EMImCl:DBzImCl) molar ratios: 40:0, 30:10, 20:20, 10:30 and 0:40 mol.-%, 
respectively. The figure shows, similar to the AlCl3:EMImCl/BzMImCl system that 
all cyclic voltammograms of AlCl3:EMImCl/DBzImCl mixture have more or less 
the same general feature of the cyclic voltammogram recorded for the Lewis acidic 
ionic liquid AlCl3/EMImCl (3:2 molar ratio). The deposition potential shifts rapidly 
to more negative values with increasing the DBzImCl content over EMImCl. 
Moreover, the deposition and stripping current peaks significantly decrease.  
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Fig. 3.13. Cyclic voltammograms acquired on Au substrate in AlCl3 containing ionic 
liquid mixture of [EMImCl:DBzImCl] at different molar ratios : a) (30:10 mol.-%), 
b) (20:20 mol.-%), c) (10:30 mol.-%) and d) (0:40 mol.-%), respectively, the AlCl3 
concentration is kept constant (60 mol.-%) in all. The scan rate was 10 mVs-1, at 
room temperature. 
   
 
At high DBzImCl content (30 and 40 mol.-%) the cyclic voltammogram of the 
system showed two cathodic peaks (A and B) (cyclic voltammograms C and D) at 
potentials of about 0.45 V and 0.12 V and 0.33 V and 0.07 V, respectively. These 
small cathodic peaks in both cyclic voltammograms (C and D) might be attributed to 
the aluminium underpotential deposition (UPD) and 3D aluminium cluster 
formation in the beginning of the OPD regime [126]. It is also assumed that the two 
small cathodic peaks (A and B) in both cyclic voltammograms (C and D) are due to 
alloying between Au and Al and / or to Al electrodeposition from different Al (III) 
ion species in the liquid. At potentials of –0.007 and -0.08 V vs. Al/Al (III), a 
significant overpotential deposition attributed to the nucleation of Al deposit was 
found, with two small cathodic steps at cyclic voltammograms (C and D) until -0.2 
V vs. Al/Al (III), C, that are presumably correlated to two different processes.  
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The small broad anodic peaks (B` and C`) are corresponding to Al stripping. The 
two cyclic voltammograms show distinct features both in the forward and reverse 
scans. There is a direct correlation between processes B and B` and C and C`: The 
change in the cyclic voltammograms  is due to the presence of two aromatic groups 
in the imidazolium based salt which increase the resistance of the electroactive 
species towards the electrode surface, as mentioned before, which, in turn, leads to 
inhibiting the reaction rate of both reduction and oxidation. Also, the imidazolium 
salt based ionic liquids with two benzyl groups have higher densities and viscosities 
than the ones having one benzyl group in the same electrolyte. As a result, the 
viscosity sequence of ionic liquids based on different imidazolium salts will be as 
the following range Ar-Ar-ImCl > Ar-R-ImCl > R-R-ImCl, respectively. [124,127]. 
 
Figure (3.14) shows SEM micrographs of Al deposits obtained from the 
mentioned system on gold substrate after a potentiostatic polarization at – 0.2 V vs. 
Al/Al (III) at room temperature for 2 hours. The effect of increasing the 
concentration of 1,3-dibenzylimidazolium chloride salt (DBzImCl) from 0 up to 40 
mol.-%, with taking into consideration that the total molar ratio of the two 
imidazolium salts to AlCl3 in all cases to be 40 to 60 mol.-%, respectively. It is 
clearly seen that the surface morphology of the deposited aluminium film shows 
gradual conversation from compact and dense microcrystallites to small and thin 
rod-shaped nanocrystallites with increasing DBzImCl content (at constant AlCl3 
concentration of 60 mol.-%). On the other hand, the film thickness was decreased 
from 9 to 0.3 µm in the same trend, see the diagram in figure (3.15). This is due to 
the increased viscosity upon the increasing DBzImCl content which reduces the 
deposition rate and hence the grain size of the Al deposited crystallites. 
 
 
 
 
 
 
 
 
 
 37
        a à 
 
 
 
 
 
 
b ̀       b
 
 
 
 
 
 
 
       c c̀ 
 
 
 
 
 
 
       d ̀d
 
 
 
 
 
 
Fig. 3.14. SEM micrographs of electrodeposited Al films on Au substrates in Lewis 
acidic ionic liquid consisting of a fixed AlCl3 concentration (60 mol.-%) and a 
mixture of the ionic liquids EMImCl:DBzImCl as follows: , a) (40:0 mol.-%), b) 
(30:10 mol.-%), c) (20:20 mol.-%), d) (0:40 mol.-%), respectively. The deposits 
were obtained after potentiostatic polarization (E = –0.2 V) for 2 hours at room 
temperature. a’, b’, c’, d’ are higher resolution SEM images of the corresponding a, 
b, c, d images. 
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Fig. 3.15. A diagram shows the change in thickness of Al deposit obtained from the 
AlCl3 containing Lewis acidic ionic liquid mixture [EMImCl:DBzImCl] on Au 
substrates at different molar ratio: a) (40:0 mol.-%), b) (30:10 mol.-%), c) (20:20 
mol.-%), d) (10:30 mol.-%) and e) (0:40 mol.-%), respectively. AlCl3 was kept 
constant (60 mol.-%) in all cases. The deposits obtained after potentiostatic 
polarization (E = –0.2 V) for 2 hours at room temperature. 
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3.1.1.5 Electrodeposition of Al from [(EMImCl/AlCl3):DBzImCl]  
 
In the following part, the electrodeposition of aluminium is carried out in the 
prepared Lewis acidic AlCl3:EMImCl (3:2 molar ratio) ionic liquid with addition of 
different weight percents (wt.-%) of 1,3-dibenzylimidazolium chloride salt 
(DBzImCl) compared with weight percent of the Lewis acidic ionic liquid as shown 
in figure 3.16. The aim of this study is to show the effect of increase the dibenzyl 
based imidazolium salt molar ratio over AlCl3 molar ratio at the same time in the 
ionic liquid on the Al deposites.  
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Fig. 3.16. Simplified scheme for the prepared Lewis acidic AlCl3/[EMIm]Cl ionic 
liquid with weight percents of  1,3-dibenzylimidazolium chloride salt (DBzImCl).  
 
 
Figure (3.17) exhibits the cyclic voltammograms of the Lewis acidic AlCl3/1-
ethyl-3-methylimidazolium chloride (AlCl3/[EMIm]Cl) (3:2 molar ratio) ionic liquid 
containing different weight percents (wt.-%) of 1,3-dibenzylimidazolium chloride 
salt (DBzImCl): 0, 5, 10, 15 and 20 wt.-%, respectively, on gold substrates after 
potentiostatic polarization (E = –0.2 V) for 2 hours at room temperature. The figure 
shows that, the cyclic voltammograms exhibit the same general feature of the cyclic 
voltammogram of AlCl3:EMImCl (3:2 molar ratio) ionic liquid alone. The 
deposition potential shifts gradually with the addition of DBzImCl salt to more 
negative values. Furthermore, with increasing the molar ratio of DBzImCl, the 
current value and the peak size of both deposition and stripping clearly decrease. 
The reason of this behaviour is due to increasing of the cationic imidazolium content 
with the two bulky benzyl groups and decreasing the aluminium content at the same 
time in the ionic liquid.  
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Moreover, the deposition and dissolution flow rate decreased as result of the few 
AlCl3 species exist and also decrease the mobility of the electroactive species 
towards the electrode surface. So, the ionic liquid contains “two” aromatic 
substituent based imidazolium salt has a higher viscosity than the imidazolium 
based on one aromatic substituent [124]. 
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Fig. 3.17. Cyclic voltammograms acquired on Au substrate in the DBzImCl (wt.-%) 
containing ionic liquid mixture of AlCl3/EMImCl (3:2 molar ratio) at different 
weight percents: a=5 wt.-%), b=10 wt.-%) and c=15 wt.-%), respectively, after 
potentiostatic polarization (E = –0.2 V) for 2 hours at room temperature. The scan 
rate was 10 mVs-1. 
 
As seen in figure (3.18), the surface morphology of the aluminium deposits 
shows gradual change from compact and dense microcrystallites to small and rod-
shaped nanocrystallites with increasing the dibenzyl imidazolium salt content over 
AlCl3 content. On the other hand, the film thickness of the Al electrodeposits was 
decreased from the micro- to the nanometer regime in the same trend; see the 
diagram in figure (3.19). This result is due to increasing the viscosity of the reaction 
medium with the addition of dibenzyl based imidazolium salt, which, in turn, 
decreasing the deposition rate and the mass transport of the electroactive species 
towards the electrode surface and this all decreasing the grain size of the Al 
electrodeposited crystallites.  
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Fig. 3.19. Thickness diagram shows the change in Al deposits obtained from the 
DBzImCl (wt.-%) containing ionic liquid AlCl3/EMImCl (3:2 molar ratio) as 
follows: a=0 wt.-%), b=5 wt.-%), c=10 wt.-%) and d=15 wt.-%), respectively. The 
deposits were obtained after potentiostatic polarization (E = –0.2 V) for 2 hours at 
room temperature. 
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3.1.1.6 Comparison study between the three AlCl3 based ionic liquids 
 
In the present section, the results obtained from the three prepared acidic ionic 
liquid systems: AlCl3/1-ethyl-3-methylimidazolium chloride (AlCl3/[EMIm]Cl),    
AlCl3/1-benzyl-3-methylimidazolium chloride (AlCl3/[BzMIm]Cl) and AlCl3/1,3-
dibenzylimidazolium chloride (AlCl3/[DBzIm]Cl), respectively, (figure 3.20) are 
summarized for better comparison. 
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Fig. 3.20. Simplified scheme for the composition of the three prepared Lewis acidic 
ionic liquids: a) (AlCl3/[EMIm]Cl), b) (AlCl3/[BzMIm]Cl) and c) 
(AlCl3/[DBzIm]Cl), respectively. 
 
Figure (3.21) represents the cyclic voltammograms (on Au substrate) of the 
three prepared Lewis acidic ionic liquids; AlCl3/[EMIm]Cl, AlCl3/[BzMIm]Cl and 
AlCl3/[DBzIm]Cl, a, b and c, respectively, at room temperature containing all 60 
mol.-% AlCl3. In general, the cyclic voltammograms of [BzMIm]AlCl4 (3:2 molar 
ratio) ionic liquid (b) and [EMIm]AlCl4 (3:2 molar ratio) ionic liquid are quite 
similar. On the other hand, the cyclic voltammogram of [DBzIm]AlCl4 (3:2 molar 
ratio) ionic liquid (c) is different from the other two system. This is apparently due 
to the much higher viscosity of this liquid. The dialkyl imidazolium based ionic 
liquid (a) has the lowest viscosity value compared with the two other systems (b and 
c). Furthermore, in the system (b), the deposition potential shifts to low negative 
values compared with the values in system (a) due to the presence of one benzyl 
substituent in the imidazolium cation. Whereas, in the case of (c), the diaryl 
imidazolium based ionic liquid has the highest viscosity value than two the other 
systems (a and b), which in turn shifts the deposition potential to more negative 
values.  
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 The cyclic voltammograms of the systems (b and c) showed two small cathodic 
peaks (A and B) at potentials of about 0.52 and 0.03 V and 0.44 and 0.12 V, 
respectively. This might be attributed to the aluminium underpotential deposition 
(UPD) and 3D aluminium cluster formation in the beginning of the overpotential 
deposition (OPD) regime, respectively [127]. It is also assumed that the two small 
cathodic peaks (A and B) in both cyclic voltammograms (b and c) are due to 
alloying between Au and Al and / or to Al electrodeposition from different Al (III) 
ion species in the liquid. A significant overpotential deposition of the cyclic 
voltammograms (b and c) attributed to the nucleation of Al deposit at a potentials of 
-0.1 and –0.006 V vs. Al/Al (III), respectively, was found with small cathodic step 
to -0.2 V vs. Al/Al (III), that are correlated to two different process. The small broad 
anodic peaks (C and B) are correlated to Al stripping.  
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Fig. 3.21. Cyclic voltammograms acquired at Au substrate from the three Lewis 
acidic ionic liquids (3:2 molar ratio), a) AlCl3 / EMImCl, b) AlCl3 / BzMImCl and  
c) AlCl3 / DBzImCl, respectively, after potentiostatic polarization (E = –0.2 V) for 2 
hours at room temperature. The scan rate was 10 mVs-1. 
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The cyclic voltammogram shows distinct features both in the forward and 
reverse scans. There is a direct correlation between processes B and B` and C and 
C`: The main reason for this significantly change in the cyclic voltammogram 
shapes with BzMImCl and DBzImCl (at fixed concentration of 40 mol.-%) is due to 
the presence of the benzyl groups in the imidazolium based salt with high 
concentration which increase the resistance of the electroactive species towards the 
electrode surface, as mentioned before, which, in turn, leads to inhibiting the 
reaction rate of both reduction and oxidation. Moreover, imidazolium salt based 
ionic liquids with two benzyl groups have higher densities and viscosities than the 
ones having one benzyl group which exist as closed system in the ionic liquid. 
Finally, the viscosity sequence of the three ionic liquids based on different 
imidazolium salts will be as the following range DBzImCl > BzMImCl > EMImCl, 
respectively. [124,127]. 
 
Figure (3.22) shows high resolution SEM micrographs (a, b and c) of Al 
deposits from the three mentioned Lewis acidic ionic liquids: AlCl3/[EMIm]Cl, 
AlCl3/[BzMIm]Cl and AlCl3/[DBzIm]Cl, respectively. These deposits were 
obtained after applying a potential of – 0.2 V vs. Al/Al (III) at room temperature for 
2 hours. It can be clearly seen that the type of the substituents in the imidazolium 
cation affects strongly on the surface morphology of deposited Al: The dialkyl 
substituent imidazolium based ionic liquid AlCl3/[EMIm]Cl gave a compact and 
dense Al deposit (a). Whereas, the mono aryl-substituted one [BzMIm]AlCl4 gave a 
coarse and cubic-shaped microcrystalline morphology (b). Interestingly, the diaryl- 
substituted imidazolium based ionic liquid gave rod-shaped nanocrystallites (c). The 
average thickness of Al from the three systems a, b and c is 9, 3 and 0.3 µm, 
respectively, see figure 3.23. This is plausible, because of viscosity increase in the 
direction from a to c, which in turn, gives rise to a deposition rate decrease in the 
same direction. Viscosity might be also the key factor in the significant difference in 
the surface morphology of the Al deposits. However, the effect of solvation layers 
can not be excluded with bearing in mind the presence of flat benzyl groups which 
can stack together or be oriented in away that affect the deposition process in a 
certain manner. This possible supposition may be explain why the presence of one 
benzyl group in the imidazolium cation gives larger microcrystallites, while the 
presence of two benzyl groups gives nanocrystallites. 
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Fig. 3.22. SEM micrographs of electrodeposited Al films on Au substrates in the 
three Lewis acidic ionic liquids (3:2 molar ratio): a) AlCl3/EMImCl,                       
b) AlCl3/BzMImCl, c) AlCl3/DBzImCl, after potentiostatic polarization (E = –0.2 V) 
for 2 hours at room temperature, a’, b’ and c’ are higher resolution SEM images of 
the corresponding a, b and c  images. 
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Fig. 3.23. Thickness diagram shows the change of Al deposits obtained at Au 
substrate from the three Lewis acidic ionic liquids, a) AlCl3/[BzMIm]Cl, b) 
AlCl3/[BzMIm]Cl and  c) AlCl3/[DBzIm]Cl, respectively, after potentiostatic 
polarization (E = –0.2 V) for 2 hours at room temperature. 
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3.1.2 Electrodeposition of Al from (AlCl3/[EMIm]Tf2N)   
 
 As the recently reported results of Al deposition on Au (111) from air- and 
water- stable ionic liquids like 1-ethyl-3-methylimidazolium bis(trifluoromethyl- 
sulfonyl) amide [EMIm]Tf2N and 1-butyl-1-methylpyrrolidinium bis(trifluoro- 
methylsulfonyl) amide [BMP]Tf2N are quite promising, it is of interest to apply it 
for Al coating of reactive surfaces like mild steel. In the present section, the Al 
electrodeposition on mild steel substrates from AlCl3 containing 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl) amide [EMIm]Tf2N ionic liquid is 
presented.  
 
As was first reported by Endres et al. [116,117] AlCl3 dissolves well in 
[EMIm]Tf2N ionic liquid up to a concentration of about 2.5 M, a biphasic mixture is 
obtained upon further addition of AlCl3 similar to the behaviour of several liquids 
based on bis(trifluoromethylsulfonyl) amide systems, as firstly described by 
Wasserscheid [128]. Below 2.5 M AlCl3, it is not possible to deposit Al likely 
because the Tf2N anion reacts with AlCl3 to form a stable complex that is not 
reduced within the liquid electrochemical window. In the biphasic AlCl3/ 
[EMIm]Tf2N mixture (AlCl3 concentration ≥ 2.5 M), the upper phase looks clear 
and colourless while the lower one is pale and more viscous. Upon further addition 
of AlCl3, the viscosity of the lower phase increases and it solidifies at a 
concentration of bit more than 5 M. The biphasic mixture becomes monophasic by 
heating up to a temperature of about 80 ºC as shown in figure 2.2. As reported in 
[116,117], Al can only be electrodeposited from the upper phase, that is, the clear 
one. This was ascribed to the presence of mainly [EMIm]AlCl4 and traces of free 
[Tf2N]- and octahedral Al(Tf2N)3 compound in the upper phase of the biphasic 
mixture. In the lower phase the amount of [AlCl4]- was found to be very small and 
the main components are free [Tf2N]- and octahedral Al(Tf2N)3 compound. Thus, 
[Tf2N]- can be completely exchanged by [AlCl4]- and the lower phase contains only 
Al(Tf2N)3. The upper phase does not dissolve the octahedral complex, but some 
Raman spectroscopic measurements, in combination with quantum chemical 
calculations, suggest a mixed [AlClx(Tf2N)y]- species (x and y are most likely 2) to 
be the electrochemically active species. These species are supposed to be formed at 
the phase boundary between Al(Tf2N)3 and [AlCl4]- [129]. 
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Fig.2.2. (a) A biphasic mixture of the ionic liquid 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl) amide containing 5.5 M AlCl3 at room temperature. (b) 
The biphasic mixture becomes monophasic at 80 °C. 
 
Figure (3.24) shows a typical cyclic voltammogram of the upper phase of the 
biphasic mixture of AlCl3 / [EMIm] Tf2N (AlCl3 concentration = 5.5 M) on a mild 
steel substrate at room temperature. As can be seen, the bulk electrodeposition of 
aluminium starts at a potential of about – 0.2 V vs. Al/Al (III) as indicated by the 
reduction peak (A) observed in the forward scan. The small cathodic peak at a 
potential of about -0.54 V vs. Al/Al (III) is correlated to the over potential 
deposition (OPD) of Al on Au. As a similar behaviour on Au substrates was 
reported in [116,117], which was proved by scanning tunneling microscopy (STM) 
to the Al UPD and 3D Al cluster formation in the beginning of the OPD regime 
[126,130].  
 
The anodic peak (A´) recorded in the back scan at a potential of about 0.27 V vs. 
Al/Al (III) is correlated to the dissolution of the electrodeposit. The ratio of the 
anodic to the cathodic charge is equal to unity within the experimental error, 
suggesting the complete stripping of the Al deposit.  
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Fig. 3.24. Cyclic voltammogram recorded on mild steel substrate in the ionic liquid 
1-ethyl-3-methyl imidazolium bis (trifluoromethylsulfonyl) amide containing 5.5 M 
AlCl3 (from the upper phase of the mixture) at room temperature.The scan rate was 
10 mVs-1. 
 
 
 
The Al deposits obtained at room temperature were investigated by means of 
high-resolution field-emission scanning electron microscopy (SEM). Figure (3.25) 
shows high resolution SEM micrographs of thick Al layers on mild steel substrate 
electrodeposited potentiostatically (– 0.2 V vs. Al/Al (III)) at room temperature for 
2, 6 and 12 hours, a, b and c, respectively. A thickness of 2 to 24 µm was easily 
obtained. From the SEM images (see Figs.3.25a-c), it can clearly see that the 
electrodeposits obtained at 2 hours are compact and dense. The Al film made at 
room temperature sometimes peeled off, forming a cylinder. Internal or residual 
stress almost always appears during the electrodeposition of metals and alloys. The 
stress can originate from intrinsic film stress and from interfacial stress between the 
deposit and substrate. This behaviour might be attributed to some factors such as 
coalescence of the crystallites, inclusion of foreign species or generation of 
structural defects [125].  
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Interestingly, the particle size of the deposit (at room temperature) increases 
enormously with increasing the duration of the Al electrodeposition up to 6 hours 
and the deposit apparently became porous and coarse (Fig. 3.25b). Continuous 
increase of the electrodeposition time up to 12 hours gives spaced porous deposition 
with coarse crystallites (Fig. 3.25c). 
 
     a b c 
 
 
 
 
 
Fig. 3.25. SEM micrographs of electrodeposited Al films on mild steel substrates 
formed after potentiostatic polarization at -0.2 V at room temperature in the upper 
phase of the mixture AlCl3 / [EMIm]Tf2N for a) 2 hrs., b) 6 hrs. and c) 12 hrs., 
respectively .  
 
The EDAX spectrum (figure 3.26) of Al deposit shown in figure 3.25a shows 
besides Al a small amount of oxygen due to ex situ treatment and very small amount 
of C, Na and Cl as contaminants. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.26.  EDAX profile for the area shown in the SEM micrographs (Fig. 3.25a). 
 
Therefore it can be concluded that under the applied conditions aluminium is 
electrodeposited as a microcrystalline metal from the employed imidazolium based 
ionic liquid [EMIm]Tf2N with coarse cubic-shaped aluminium particles. This is 
quite similar to that obtained on Au (111) substrates by Endres et al. [116,117]. 
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3.1.3 Electrodeposition of Al from (AlCl3/[BMP]Tf2N) 
   
       It was reported by Endres et al. [116,117] the electrodeposition of Al from 
AlCl3 containing 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) amide 
[BMP]Tf2N ionic liquid gave nanocrystalline Al deposits (on Au (111)) with a very 
fine morphology. This would be very interesting if the same nano- and fine 
morphology of Al can be also obtained on reactive metal/alloy surfaces like mild 
steel. The present section aims to investigate this subject. 
 
      In view of the previous AlCl3/[EMIm]Tf2N mixture, AlCl3/[BMP]Tf2N also 
shows a biphasic behaviour with increasing the concentration of AlCl3 [127]. As 
mentioned before, AlCl3 dissolves well in the ionic liquid [EMIm]Tf2N up to a 
concentration of about 1.5 M, then a biphasic mixture is obtained on further addition 
of AlCl3. In addition, it is not possible to deposit Al at AlCl3 concentrations below 
1.5 M, which implies that the Tf2N anion reacts with AlCl3 to form a stable complex 
[AlClx(Tf2N)y]- that is not reduced within the liquid’s electrochemical window. In 
contrast to the biphasic mixture of AlCl3/[EMIm]Tf2N, the upper phase of the 
mixture AlCl3/[BMP]Tf2N is pale and more viscous while the lower one is 
colourless (see Figure 2.3a). By further addition of AlCl3 the volume of the lower 
phase decreases till reaching a concentration of 2.7 M, then only one solid phase is 
obtained at room temperature. The biphasic mixture AlCl3/[BMP]Tf2N becomes 
monophasic by heating up to a temperature of 80 ºC as shown in Figure 2.3b. As 
reported in [129] Al can only be electrodeposited from the upper phase, that is, the 
pale viscous one. A recent study was reported on RAMAN and NMR spectroscopic 
measurements on the reducible aluminium species in order to get more information 
on the chemical structure of them in these phases. The results showed that the 
addition of AlCl3 to the employed ionic liquid, [BMP]Tf2N, leads to the formation 
of the octahedral compound Al(Tf2N)3 and the consumed [Tf2N]- is increasingly 
replaced by [AlCl4]-. At a concentration of AlCl3 of 1.8 M where the system forms 
two phases, the upper phase containing mainly the viscous [BMP]AlCl4 and traces 
of  free [Tf2N]- and Al(Tf2N)3. In the lower phase the amount of [AlCl4]- present is 
very small. The main components here were found to be free [Tf2N]- and Al(Tf2N)3 
species. 
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Fig.2.3. (a) A biphasic mixture of the ionic liquid 1-butyl-1-methyl pyrrolidinium 
bis(trifluoromethylsulfonyl) amide containing 1.8 M AlCl3 at room temperature. (b) The 
biphasic mixture becomes monophasic at 80 °C.  
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Fig. 3.27. Cyclic voltammogram recorded on Au substrate in the ionic liquid 1-
butyl-1-methyl pyrrolidinium bis(trifluoromethylsulfonyl) amide containing 1.8 M 
AlCl3 (from the upper phase of the mixture) at room temperature.The scan rate was 
10 mVs-1. 
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Figure (3.27) shows a typical cyclic voltammogram of the upper phase of the 
mixture AlCl3/1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) amide on 
Au substrate at room temperature. The electrode potential was scanned cathodically 
from the open circuit potential to more negative values with a scan rate of 10 mV s-
1. The bulk deposition of Al starts at a potential of -0.25 V vs. Al/Al (III). The small 
anodic peak (E') recorded on the reverse scan at potential of about 0.8 V vs. Al/Al 
(III) is correlated to small partial dissolution of the deposited aluminium in the 
employed ionic liquid. Here, stripping seems to be kinetically hindered unlike the 
[EMIm]Tf2N ionic liquid.  This might be explained by the possible adsorption of 
some ionic liquid species on the Al deposit. 
 
Figure (3.28) shows the cyclic voltammogram of the same phase on gold 
substrate at a higher temperature, such as 100 °C and compared it with that at 25 °C. 
At temperatures around 150 °C the evaporation of AlCl3 slowly begins. It is 
interesting that the cyclic voltammogram recorded at 25 °C gives stable electrode 
potentials below -0.1 V vs. Al/Al (III). The cyclic voltammogram recorded at 100 
°C exhibits a similar behaviour but with the presence of a nucleation loop at a 
potential of –0.6 V. At 25 °C the Al deposition rate is very slow due to the high 
viscosity of the mixture, which, in turn, decreases the deposition rate. Interestingly, 
no reversible oxidation occurs even at 100 °C. For kinetic reasons, the oxidation of 
Al is likely to be hindered. Aluminium is passivated in ultrapure and well-dried 
liquids with the Tf2N. 
 
Figure (3.29) shows SEM micrographs of thick layers of Al on gold substrate 
electrodeposited potentiostatically at 25 and 100 ºC at potentials of – 0.9 and – 0.5 V 
vs. Al/Al (III), respectively, for 2 hours. Visually, the deposits appear to be thick, 
shiny and well adhering to the gold substrate. The thickness was estimated to be 
between 2 and 6 µm. Generally, the electrodeposited layers contain very fine 
crystallites in the nanometer regime. The electrodeposits obtained at 25 ºC are 
stressed, as also seen by the SEM image (see Fig.3.29a). On occasion, the Al film 
made at room temperature wrapped up, forming a clumpy shape. This behaviour 
might be due to internal or residual stress which appears during the 
electrodeposition of metals and alloys. The stress can originate from intrinsic film 
stress and from interfacial stress between the deposit and substrate. It is interesting 
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that the quality of the Al electrodeposit obtained at 100 ºC is improved and there is 
no stress in the electrodeposited Al film. Furthermore, the crystallites became finer 
(see Fig. 3.29b). 
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Fig. 3.28. Cyclic voltammograms recorded on Au substrates in the ionic liquid 1-
butyl-1-methyl pyrrolidinium bis(trifluoromethylsulfonyl) amide containing 1.8 M 
AlCl3 (from the upper phase of the mixture) at different temperatures. The scan rate 
was 10 mV s-1. 
 
 
 
 
           a b
 
 
 
 
 
 
 
 
Fig. 3.29. SEM micrographs of electrodeposited Al films on gold formed in the 
upper phase of the mixture AlCl3/[BMP] Tf2N after potentiostatic polarization for 2 
hours at a) room temperature (E = –0.9 V, corresponding I = –0.2 mA/cm2) and b) 
100 ºC ( E = –0.5 V, corresponding I = –1.0 mA/cm2). 
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 Figure (3.30) shows the EDAX profile of Al films obtained potentiostatically in 
the mentioned ionic liquid on gold substrates at potentials of –0.9 V vs. Al/Al (III) 
at room temperature which shows pure Al. 
 
 
 
 
 
 
 
 
 
Fig. 3.30. EDAX profile for the area shown in the SEM micrographs (Fig. 3.29a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 57
3.1.4 Electrodeposition of Al-Cu alloy from (AlCl3/[BMP]Tf2N) 
 
           In this chapter, attempts for the electrodeposition of aluminium/copper alloys 
in 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) amide [BMP]Tf2N 
ionic liquid are presented. AlCl3 (1.8 M) was used as Al source. Unfortunately, 
copper salts have limited solubility in the [BMP]Tf2N ionic liquid. For this purpose, 
copper ions can only be introduced in the ionic liquid by anodic dissolution of Cu 
metal. As a first step, anodic dissolution of Cu from a copper sheet (see 
experimental part for details) in the AlCl3 containing ionic liquid (that is the upper 
phase of the mixture: AlCl3+[BMP]Tf2N, see section 3.1.3) was performed. 
Unfortunately, no oxidation of copper was obtained even at elevated temperature.  
 
As the cyclic voltammogram of the solution at 100 °C (after the attempts to 
dissolve Cu) is quite similar to that of the original AlCl3/[BMP]Tf2N solution, and 
there are no hints for the presence of a considerable amount of copper ions, (figure 
3.31): the reduction peak at –1.5 V is typical for the bulk deposition of Al. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.31. Cyclic voltammograms recorded on gold substrates in the ionic liquid 1-
butyl-1-methylpyrrolidinium-bis(trifluoromethylsulfonyl)imide containing 1.8M 
AlCl3 at 100°C: a) before (blue) and b) after (red) the attempts to anodically 
dissolve Cu. The scan reate was 10 mVs-1. 
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EDAX analysis of the deposit obtained after applying a potential of  –1.0 V vs. 
Al/Al (III) for 2 hours showed only the presence of Al, see figure (3.32). This reason 
might be that the surface of the copper sheet was strongly passivated by the AlCl3 
containing liquid. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.32. EDAX profile of the deposit obtained after applying a potential of –1.0 V 
vs. Al/Al (III) for 2 hours, from anodically treated AlCl3 containing ionic liquid. 
 
It can be concluded that, there is no evidence in this case for copper ions to be 
introduced to the ionic liquid under the above mentioned conditions. 
 
 
 
In order to exclude the effect of AlCl3, the anodic dissolution of the copper metal 
was directly performed in the pure [BMP]Tf2N ionic liquid. For this purpose, a 
current of 1.3 mA was applied on the freshly polished and cleaned Cu sheet in the 
ionic liquid. The results showed that a concentration of only 39 mM of Cu+ ions (as 
was calculated from weight loss) can be introduced into the liquid at room 
temperature but only after applying the Cu oxidation current for several days. 
However, increasing the temperature of the anodic dissolution reaction up to 100 °C, 
the copper metal ion concentration in the pure [BMP]Tf2N ionic liquid was increase 
considerably to about more than 100 mM in only several hours. The ionic liquid 
turned from colourless to pale orange colour with increasing the duration of the 
reaction. After the anodic dissolution of Cu metal in the pure [BMP]Tf2N ionic 
liquid, 1.8 M AlCl3 added to the Copper ions containing liquid.  
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Fig. 3.33a,b). Cyclic voltammograms recorded on gold substrates in the ionic liquid 
1-butyl-1-methylpyrrolidinium-bis(trifluoromethylsulfonyl)imide containing 1.8M 
AlCl3 and Cu+ ions at 100°C. The scan rate is 10 mVs-1. 
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Figure (3.33a) shows the cyclic voltammograms of the upper phase of the 
biphasic mixture of AlCl3/Cu+/[BMP]Tf2N mixture on gold substrate at different 
temperatures: 25 and 100 °C. At a potential of 0.38 V vs. Al/Al (III), a small 
reduction peak (A) appears, which looks sharper at 100 °C. This peak is mainly 
correlated to the deposition of Cu, as applying a potential of 0.4 V for 2 hours at 100 
°C gives a light brown deposit. The anodic peak (A´) recorded in the back scan at a 
potential of about 0.5 V vs. Al/Al (III) is correlated to the dissolution of the Cu 
deposit. EDAX analysis of this deposit (Fig. 3.35a) showed that it is Cu with very 
small amount of Al (from UPD of Al). Au is from the substrate. The sharp increase 
of the current at a potential of -1 V is correlated to the bulk deposition of Al. The 
anodic peaks (B̀ and À) observed in the reverse scan of the cyclic voltammograms 
are due to the partial stripping of the Al and/or Cu deposit at a potentials of about -
0.6 V and 0.3 V vs. Al/Al (III), respectively. The available data show that Al (and 
also Cu) is passivated in ultrapure and well-dried liquids with the Tf2N anion. The 
oxidation of Al is dependent on the available anions, which can create a complex or 
solvated Al (III) species. However, at 150 °C, where AlCl3 can be dissolved up to 
6.0 M in [BMP]Tf2N, the ratio of anodic to cathodic charge is still below 1.   
 
      a b c
 
 
 
 
 
      à b̀ c ̀
 
 
 
 
 
Fig. 3.34a-c. SEM micrographs of electrodeposited (a) Cu, (b) Al-Cu and (c) Al 
films on gold formed in the upper phase of the mixture AlCl3/Cu/[BMP] Tf2N after 
potentiostatic polarization for 2 hours at a-c) 25 °C and a'-c')100 °C, E = 0.4, 0.0 
and -1.2 V for a, b and c, respectively. 
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 The Al-Cu electrodeposits obtained at the two different temperatures were 
investigated by scanning electron microscopy (SEM). Visually, the deposits appear 
to be shiny and well adhering to the gold substrate. Figures (3.34 a-c) show SEM 
micrographs of Cu, Al-Cu and Al layers on gold substrate electrodeposited 
potentiostatically at 25 (a-c) and 100 °C (à-c ̀) at potentials of 0.4, 0.0 and – 1.2 V vs. 
Al/Al (III), respectively, for 2 hours. A thickness of between 2 and 5 µm was 
obtained. The average grain size of Cu, Al-Cu and Al films is estimated to be 147 
nm, 1µm and 8.5 µm, respectively. The electrodeposits obtained at 25 and 100 °C 
are fine for Cu and coarse for Al, as also observed by visual inspection. This is not 
too surprising since during the electrodeposition of metals and alloys, internal or 
residual stress almost always appears. The stress can originate from intrinsic film 
stress and from interfacial stress between the deposit and substrate. Generally, this 
may be attributed to some factors such as coalescence of the crystallites, inclusion of 
foreign species or generation of structural defects [131].  
 
Figure (3.35) shows the EDAX profile of Cu, Al-Cu and Al films shown in 
Figure (3.34 a'-c'). It is clearly seen that the EDAX profile in Figure (4.34 a) shows 
a clear peak for Cu metal with maybe some UPD of Al. Furthermore, at potential of 
0.0 V a sharp peak of Al and short peak of Cu were appeared. At over potential 
deposition of Al (-1.2 V) a strong sharp peak of Al is observed with no clear of Cu.  
 
Interestingly, it was observed that during the anodic dissolution of Cu, the 
solution gets turbid especially when applying relatively high temperatures (≥ 70 ºC). 
When the dissolution of Cu was performed at such temperatures and for longer time 
(more than one day) a white precipitate was formed. This white precipitate was 
isolated and washed carefully with isopropanol to get it as pure powder. Then it was 
analyzed by XRD, which showed it is CuF2 salt. This can only be explained by the 
decomposition of the Tf2N anion of the ionic liquid. This interesting result has 
deviated the work from the planned goal (Al-Cu alloy deposition) and is discussed 
in detail in the following section. 
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Fig. 3.35a-c. EDAX profile for the area shown in the SEM micrographs (Fig. 4.34 
a'-c'). 
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 3.2. Decomposition of the Tf2N anion under anodic conditions 
The electrochemical stability of ionic liquids is a key factor in their 
successful applications in various electrochemical processes. Unfortunately, little is 
known on the cathodic and anodic decomposition reactions of both cations and 
anions of ionic liquids. To the best of the available knowledge there are no 
systematic studies available on the anodic decomposition of Tf2N ionic liquids, but 
the decomposition of the Tf2N anion under cathodic conditions was reported 
[132,133]. MacFarlane et. al. [132] showed that the Tf2N anion is subject to an 
irreversible cathodic breakdown prior to the massive reduction of the [EMIm] cation 
in the ionic liquid [EMIm]Tf2N. They reported that the reduction of the Tf2N can 
weaken one of the N-S bonds leading to its cleavage to a new anion, SO2CF3-, and a 
reactive radical, •NSO2CF3-, as follows:  
 
N(SO2CF3)2- + e- =  N(SO2CF3)22-  = •NSO2CF3- + SO2CF3-                        (1) 
          
The reduction products of Tf2N can undergo further reduction reactions as follows: 
 
•NSO2CF3- + e- = NSO2- + CF3-                                                                                         (2) 
SO2CF3- + e- = SO2- + CF3-                                                                         (3) 
 
In contrast, Passerini and co-workers [134,135] reported that the Tf2N anion is 
cathodically stable if the ionic liquid is extremely pure and dry, and the reductive 
decomposition of Tf2N can only occur in the presence of water and/or other 
impurities. Furthermore, they showed that the decomposition mechanism taking 
place in the presence of water traces seems to be different than the one suggested by 
MacFarlane et. al. [132]. They suggested that the products of water reduction (OH- 
or H2) are responsible for the Tf2N reduction [135]. It is out of the scope of this 
work to decide what exactly is the reason for the cathodic instability of the Tf2N. At 
a minimum it is clear that this anion is electrochemically less stable than often 
assumed.  
 
In this part it is shown as a further example that the Tf2N anion can easily be 
decomposed at slightly elevated temperatures during anodic oxidation of copper in 
the ionic liquid [BMP]Tf2N leading to the formation of CuF2. Although 
electrochemically unfavourable with respect to Cu dissolution, the decomposition of 
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Tf2N during anodic oxidation of copper might be regarded as a new and facile route 
for the synthesis of CuF2. 
  
A two compartment electrochemical cell was used for the anodic oxidation of 
Cu metal, Fig. 3.36. The counter electrode was separated and connected through an 
ionic liquid salt bridge. With this setup the contamination of the electrolyte in the 
working electrode counterpart, via decomposition products from the counter 
electrode reactions, was avoided. 
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Fig. 3.36. An optical photo of the electrochemical cell used for the anodic 
dissolution of copper in the ionic liquid [BMP]Tf2N at 70°C and under an applied 
current density of 90 µA cm-2.  The photo clearly shows the formation of a white 
suspension during the anodic dissolution of copper which is due to CuF2 formation. 
 
As mentioned in the previous section, the original aim was to anodically 
dissolve copper in the ionic liquid [BMP] Tf2N in order to introduce copper ions 
into the liquid. This is due to the solubility of copper salts in the ionic liquid 
[BMP]Tf2N is very limited [136]. The anodic dissolution of metals at elevated 
temperatures is usually kinetically favoured leading to a faster reaction. The cyclic 
voltammetry behaviour of copper in the ionic liquid [BMP]Tf2N at two different 
temperatures, 25 and 70 oC (Fig. 3.37) is investigated. The potential was scanned 
first in the negative direction down to – 0.7 V (vs. Cu) then it was scanned back to + 
0.7 V and finally terminated at the open circuit potential. The rapid increase in the 
anodic current at a potential of + 0.6 V, at 25 oC, and at a potential of + 0.5 V, at 70 
oC,  is attributable to the anodic dissolution of copper. The recorded reduction peak 
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is correlated to redeposition of dissolved copper. Consequently, Cu cations can be 
anodically introduced into the ionic liquid and the extent of Cu dissolution increases 
as the temperature increases.  
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Fig. 3.37. Voltammetric behaviour of copper electrode in the ionic liquid [BMP] 
Tf2N at 25 and 70 oC. Scan rate 10 mV/s. 
 
  
An anodic current density of 90 µA cm-2 (the corresponding potential was 
about 1 V vs. Cu reference electrode) was applied on the copper electrode in the 
employed ionic liquid for 1 day at 25 oC in order to anodically dissolve copper. 
Throughout the duration of the experiment no significant change in the solution was 
observed apart from a slight alteration in its colour to pale yellow due to the anodic 
dissolution of copper. There is no hint for a side reaction and as shown in [136] the 
oxidation state of the copper species introduced into the ionic liquid [BMP]Tf2N 
after anodic dissolution of copper, is 1, thus Cu+ ions are the electrolysis product.   
  
Quite surprisingly, after applying a current density of 90 µA cm-2 at 70 oC 
(the corresponding potential is only about 0.2 V vs. Cu) the ionic liquid became 
turbid after about 2 hours of electrolysis and the turbidity became more intense with 
time until a white suspension was obtained after about 6 hours, see Fig. 3.36. After 
about 12 hours electrolysis a white precipitate was obtained on the bottom of the 
electrochemical cell.  
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Subsequently, the ionic liquid containing the electrolysis product was 
centrifuged to reclaim the precipitate. The white precipitate was then washed several 
times with isopropanol to remove the residual ionic liquid. 
 
The electrolysis product was investigated by SEM and XRD to explore its 
morphology and composition, respectively. The SEM micrograph of Fig. 3.38. 
shows the surface morphology of the obtained powder: it contains fine crystallites 
with an average size of about 200 nm. The XRD pattern of the obtained powder is 
shown in Fig. 3.39. Surprisingly, all the diffraction peaks recorded for the obtained 
powder can be perfectly indexed to the data available in the JPCD (06-0343) 
diffraction file, thus indicating that pure CuF2 is the yield of the anodic dissolution 
of copper in [BMP]Tf2N at 70 oC, which is a clear evidence for the decomposition 
of Tf2N anions, the only F- source. It should be mentioned that anodic oxidation of 
copper in the ionic liquid [EMIm]Tf2N, at the same experimental conditions, leads 
also to the formation of CuF2. However, the mechanism of the Tf2N decomposition 
and the formation of CuF2 is not clear.  At the first glance one might expect that the 
Tf2N anion is subject to a direct oxidative decomposition occurring simultaneously 
with anodic dissolution of Cu to Cu2+ leading to F- which reacts with copper cations 
to form CuF2. However, the charge/mass balance is typical for Cu→Cu+. Thus, it is 
excluded that there is at the same time an oxidation of Cu to Cu2+ and Tf2N 
oxidation liberating F-. If the Tf2N anion was anodically decomposed at the copper 
electrode it would also be decomposed at other electrodes (not only copper) which is 
not the case. Silver can easily be oxidized to Ag+ without a clear hint for AgF 
formation. Thus, what else can it be?  
 
 
 
 
 
 
  
 
 
Fig. 3.38 SEM micrograph of the white powder obtained after anodic dissolution of 
copper in [BMP] Tf2N at 70 oC under applied current density of 90 µA cm-2 for 24 
hours. 
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Fig. 3.39.  XRD pattern of the obtained powder. 
 
 
 
As a possible explanation for the formation of CuF2 it is suggested that 
anodically dissolved copper cations might chemically reduce the Tf2N at 70 oC, 
according to the following equation: 
 
Cu+ + N(SO2CF3)2- = CuF2 + N(SO2CF2)2 
 
Without a detailed spectroscopical analysis the mechanism can not be decided, but it 
has been reported that the cathodic decomposition of Tf2N leads to decomposition 
products like NSO2, CF2 and F-, as described in [137]. Thus it is plausible that Cu+ 
leads to an irreversible reduction of Tf2N librates at the same time F- which reacts 
with Cu2+ to CuF2. The driving force might be the extreme heat of formation of 
CuF2 which is -538.9 kJ/mol [138]. 
  
There are some more reports in the literature that make this proposed 
mechanism reasonable. In [137] MacFarlane et. al. have found, using solid-state 
NMR, that ionic liquids based on Tf2N anion react with magnesium alloy surfaces to 
form a metal fluoride rich surface in addition to other organic components. This has 
been attributed to the decomposition of the Tf2N anion to SO2CF2, CF2 and F- 
species.  
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The fluoride ions react with the alloy surfaces to form metal fluorides. 
Furthermore, they have reported that Tf2N based ionic liquids react with lithium 
giving an interface composed mainly of decomposition products of the Tf2N anion 
with a LiF film close to the lithium surface.  
 
In a corrosion study of Inconel, Brass and commercial steel in [BMIm] Tf2N 
Tolstoguzov et. al. [35] have found that [BMIm]Tf2N is subject to a decomposition 
upon chemical interaction with the alloy surfaces. They have shown by SIMS and 
XPS that the decomposition products of the ionic liquid are CF3, C=N and –SO2- 
groups. All these results support the assumption of the chemical decomposition of 
Tf2N anion by the interaction with copper cations at elevated temperature leading to 
the formation of CuF2. It can not be commented whether the same result would be 
obtained by dissolving Cu Tf2N in [BMP] Tf2N. A direct comparison would require 
an extremely pure and fully dissociated Cu(Tf2N) made in a pure chemical synthesis 
routine. It can be speculated that Cu+ “in statu nascendi” is quite a reactive species.   
 
Ionic liquids with the Tf2N anion have been regarded as potential solvents 
for many electrochemical applications due to the hydrophobic nature of the Tf2N 
anion and due to its great ability to lower the melting point of the ionic liquid. In this 
thesis it is found that the Tf2N anion is subject to an unexpected decomposition 
under quite mild electrochemical conditions during the anodic dissolution of a 
copper electrode in the ionic liquid [BMP] Tf2N at 70 oC, leading to the formation of 
CuF2. Interestingly, at room temperature no such decomposition was obtained. 
Although the mechanism of this reaction is not clear at all (even raising some 
questions), one has to be very careful in applying ionic liquids based on Tf2N for 
electrochemical experiments: the Tf2N anion might decompose, depending on the 
anode material.  
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4. Summary 
 
In the present thesis the electrodeposition of aluminium on mild steel was investigated 
in different ionic liquids with the same anion namely: AlCl3/1-ethyl-3-
methylimidazolium chloride (AlCl3/[EMIm]Cl), AlCl3/l-benzyl-3-methyl-
imidazolium chloride (AlCl3/[BzMIm]Cl), AlCl3/l,3-dibenzyl-imidazolium chloride 
(AlCl3/[DBzIm]Cl), AlCl3/1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 
amide (AlCl3/[EMIm]Tf2N) and AlCl3/1-butyl-1-methylpyrrolidinium bis(trifluoro- 
methylsulfonyl) amide (AlCl3/[BMP]Tf2N). The effect of changing the ionic liquids, 
like. e.g. changing the organic cation on the properties of the resulting Al-coatings 
was also studied.  
 
4.1 Aluminium electrodeposition 
 
4.1.1 Electrodeposition of Al from chloroaluminate based ionic liquids 
 
4.1.1.1 Electrodeposition of Al from AlCl3/[EMIm]Cl  
 
The electrodeposition of aluminium in Lewis acidic AlCl3/1-ethyl-3-
methylimidazolium chloride (AlCl3/[EMIm]Cl) (3:2 molar ratio) ionic liquid is 
presented. This system is suitable for the electrodeposition of aluminium and 
aluminium alloys: Ionic liquids that contains an excess of AlCl3 over [EMIm]Cl are 
considered Lewis acidic due to the presence of coordinately unsaturated species, 
whereas those that contain an excess of [EMIm]Cl over AlCl3 are denoted as basic 
due to the presence of unbound chloride ions. It must be mentioned here that the 
deposition of Al from such systems is already reported. But for comparison purposes 
it is studied here. In this study AlCl3 dissolves well with the 1-ethyl-3-
methylimidazolium chloride salt to a concentration of (60 mol.-%) giving a clear 
yellowish solution from which Al can be deposited. The cyclic voltammogram shows 
a typical cyclic voltammogram of the Lewis acidic AlCl3/EMImCl (3:2 molar ratio) 
ionic liquid at room temperature. At a potential of –0.1 V vs. Al/Al (III), the bulk 
deposition of Al takes place where a clear larger of Al is already seen by naked eye 
and the wide anodic peak is recorded on the reverse scan at a potential of about 0.15 
V that is correlated to full stripping of the as-deposited aluminium. The SEM 
micrograph of Al film shows that the layer contains dense microcrystallites with an 
average size of about 5 µm with a porous appearance. It is clearly seen that the EDAX 
spectrum shows only one characteristic peak of Al.   
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4.1.1.2 Electrodeposition of Al from [AlCl3/(EMImCl:BzMImCl)]  
 
The electrodeposition of aluminium carried out in a new system based on the 
changing of the EMImCl:BzMImCl molar ratios: 40:0, 30:10, 20:20, 10:30 and 0:40 
mol.-%, respectively, to study the effect of the aromatic group of the imidazolium 
cation on the Al deposit (at fixed AlCl3 concentration of 60 mol.-%). The cyclic 
voltammograms exhibit the same general feature of the cyclic voltammogram 
recorded for the Lewis acidic ionic liquid AlCl3/ EMImCl (3:2 molar ratio). However, 
the Al deposition potential shifts gradually to less negative values and the peak 
currents of both deposition and stripping peaks significantly decrease upon increasing 
the BzMImCl content. This is ascribed to the decreased mobility of the electroactive 
species towards the electrode surface due to increase viscosity caused by further 
addition of the more viscous BzMImCl ionic liquid, which, in turn, leads to a lower 
diffusion rate. The surface morphology of the deposited Al film shows gradual change 
from compact and dense to large coarse cubic-shaped microcrystallites with 
increasing BzMImCl molar ratio and the Al film thickness was decreased with 
increasing the BzMImCl content.  
 
4.1.1.3 Electrodeposition of Al from [(EMImCl/AlCl3):BzMImCl]  
 
Al electrodeposition is carried out in the Lewis acidic AlCl3:EMImCl (3:2 molar 
ratio) ionic liquid with the addition of 1-benzyl-3-methylimidazolium chloride salt 
(BzMImCl): 0, 5, 10, 15 and 20 wt.-%, respectively, to investigate the effect of 
increase the imidazolium cation content over AlCl3 content. The cyclic 
voltammograms exhibit the same general feature of the cyclic voltammogram of 
AlCl3/EMImCl (3:2 molar ratio) ionic liquid. By the addition of BzMImCl to the ionic 
liquid, the deposition potential shifts gradually to less negative values by increasing 
the cationic imidazolium molar ratio. Moreover, the current value and the peak size of 
both deposition and stripping significantly decrease. This result is due to increased 
viscosity and decreased aluminium content caused by further addition of BzMImCl to 
the ionic liquid. It is clearly seen that the deposited aluminium films show gradual 
change of Al deposites from dense and compact to very fine microcrystallites and the 
thickness diagram shows clear decrease of Al film thicknesses with increasing the 
addition of BzMImCl salt.  
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4.1.1.4 Electrodeposition of Al from [AlCl3/(EMImCl:DBzImCl)]  
 
As the presence of a benzyl group in the imidazolium based ionic liquid showed the 
effect on the morphology and thickness of Al deposit, it was of interest to investigate 
the effect of “two” aromatic substituents on Al deposition by changing the 
(EMImCl:DBzImCl) molar ratios as follows: 40:0, 30:10, 20:20, 10:30 and 0:40 mol.-
%, respectively, and the concentration of AlCl3 was kept constant (60 mol.-%). 
Similar to the AlCl3:EMImCl/BzMImCl system that all cyclic voltammograms of 
AlCl3:EMImCl/DBzImCl mixture have more or less the same general feature of the 
cyclic voltammogram recorded for the Lewis acidic ionic liquid AlCl3/EMImCl (3:2 
molar ratio). The deposition potential shifts rapidly to more negative values with 
increasing the DBzImCl content over EMImCl. Moreover, the deposition and 
stripping current peaks significantly decrease. The surface morphology of the 
deposited Al film shows gradual change from compact and dense microcrystallites to 
small and thin rod-shaped nanocrystallites with increasing DBzImCl and the film 
thichness  was decreased from 9 to 0.3 µm in the same trend. 
 
4.1.1.5 Electrodeposition of Al from [(EMImCl/AlCl3):DBzImCl]  
 
The electrodeposition of aluminium is carried out in the prepared Lewis acidic 
AlCl3:EMImCl (3:2 molar ratio) ionic liquid with the addition of different weight 
percents (wt.-%) of 1,3-dibenzylimidazolium chloride salt (DBzImCl) to the ionic 
liquid. The aim of this study is to show the effect of increasing the dibenzyl based 
imidazolium salt molar ratio over AlCl3 molar ratio. The cyclic voltammograms show 
the same general feature of the cyclic voltammogram of AlCl3:EMImCl (3:2 molar 
ratio) ionic liquid alone. The deposition potential shifts gradually with the addition of 
DBzImCl salt to more negative values. Furthermore, with increasing the molar ratio 
of DBzImCl, the current value and the peak size of both deposition and stripping 
clearly decrease. The reason of this behaviour is due to increase of the cationic 
imidazolium content with the two bulky benzyl groups and decrease the aluminium 
content at the same time in the ionic liquid. The surface morphology of the Al 
deposits shows gradual change from compact and dense microcrystallites to small and 
rod-shaped nanocrystallites with increasing the dibenzyl imidazolium salt content 
over AlCl3 content and the film thickness of the Al deposits was decreased from the 
micro- to the nanometer regime in the same trend.  
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4.1.1.6 Comparison study between the three AlCl4 based ionic liquid systems 
 
The results obtained from the three prepared chloroaluminate ionic liquid systems:         
(AlCl3/[EMIm]Cl), (AlCl3/[BzMIm]Cl) and (AlCl3/[DBzIm]Cl), respectively, are 
summarized for better comparison. The cyclic voltammograms of AlCl3/[BzMIm]Cl 
(3:2 molar ratio) ionic liquid and AlCl3/[EMIm]Cl (3:2 molar ratio) ionic liquid are 
quite similar, but for AlCl3/[DBzIm]Cl (3:2 molar ratio) ionic liquid is different. The 
dialkyl imidazolium based ionic liquid has the lowest viscosity value compared with 
the two other systems. Whereas the diaryl imidazolium based ionic liquid has the 
highest viscosity value than the two other systems, which in turn shifts the deposition 
potential to more negative values. It can be clearly seen that the type of the 
substituents in the imidazolium cation affects strongly the surface morphology of 
deposited Al: The dialkyl substituented imidazolium based ionic liquid [EMIm]AlCl4 
gave a compact and dense Al deposit. Whereas, the mono aryl-substituted one 
[BzMIm]AlCl4 gave a coarse and cubic-shaped microcrystalline morphology. 
Interestingly, the diaryl-substituted imidazolium based ionic liquid gave rod-shaped 
nanocrystallites and the average thickness of Al from the three systems is 9, 3 and 0.3 
µm, respectively.  
 
4.1.2 Electrodeposition of Al from (AlCl3/[EMIm]Tf2N)   
 
From the reported results of Al deposition on Au from [EMIm]Tf2N ionic liquid, 
there is interest to apply it for Al coating of reactive surfaces like mild steel. The Al 
electrodeposition on mild steel substrates from AlCl3 containing [EMIm]Tf2N ionic 
liquid is presented. As was first reported by Endres et al., AlCl3 dissolves well in 
[EMIm]Tf2N ionic liquid up to a concentration of about 2.5 M, a biphasic mixture is 
obtained upon further addition of AlCl3, the upper phase looks clear  and colourless 
(which  Al can only be electrodeposited) while the lower one is pale and more 
viscous. The cyclic voltammogram shows that the bulk electrodeposition of Al starts 
at a potential of about – 0.2 V vs. Al/Al (III) and the small cathodic peak at a potential 
of about -0.54 V vs. Al/Al (III) is correlated to the over potential deposition (OPD) of 
Al on Au. The anodic peak recorded in the back scan at a potential of about 0.27 V vs. 
Al/Al (III) is correlated to the dissolution of the electrodeposit. A thickness of 2 to 24 
µm was easily obtained and the particle size of the deposit increases from porous and 
coarse to spaced porous deposit with increasing the deposition time. 
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4.1.3 Electrodeposition of Al from (AlCl3/[BMP]Tf2N) 
 
It was reported by Endres et al., the electrodeposition of Al from AlCl3 containing 
[BMP]Tf2N ionic liquid gave nanocrystalline Al deposits on Au with a very fine 
morphology. This would be very interesting if the same morphology of Al can be also 
obtained on reactive metal/alloy surfaces like mild steel. In view of the previous 
AlCl3/[EMIm]Tf2N mixture, AlCl3/[BMP]Tf2N also shows a biphasic behaviour with 
increasing the concentration of AlCl3, the upper phase of the mixture 
AlCl3/[BMP]Tf2N is pale and more viscous (which  Al can only be electrodeposited) 
while the lower one is colourless. The cyclic voltammogram shows the bulk 
deposition of Al starts at a potential of -0.25 V vs. Al/Al (III) and the small anodic 
peak recorded on the reverse scan at potential of about 0.8 V vs. Al/Al (III) is 
correlated to small partial dissolution of the deposited Al. The cyclic voltammogram 
recorded at 100 °C exhibits a similar behaviour but with the presence of a nucleation 
loop at a potential of –0.6 V. The SEM micrographs of Al deposit was obtained on 
gold substrate at 25 and 100 ºC appear to be shiny and well adherent very fine 
crystallites in the nanometer regime and the thickness was estimated to be between 2 
and 6 µm. The EDAX profile of Al films on gold substrates shows pure Al. 
 
4.1.4 Electrodeposition of Al-Cu alloy from (AlCl3/[BMP]Tf2N) 
 
Electrodeposition of Al/Cu alloys in AlCl3 (1.8 M) containing [BMP]Tf2N ionic 
liquid is presented. As a first step to introduce the copper ions into the ionic liquid, 
anodic dissolution of copper metal in the upper phase of the mixture 
AlCl3/[BMP]Tf2N was performed. From the obtained result, it is no hints for the 
presence of Cu ions in the mixture. This may be due to the surface of the copper sheet 
was strongly passivated by the AlCl3 containing liquid. In order to exclude the effect 
of AlCl3, the anodic dissolution of the copper metal was directly performed in the pure 
[BMP]Tf2N ionic liquid and a current of 1.3 mA was applied. The results showed that 
a concentration of only 39 mM of Cu+ ions (as was calculated from weight loss) can 
be introduced into the liquid at room temperature but only after several days. 
Whereas, increasing the temperature of the anodic dissolution up to 100 °C, gives 
more than 100 mM Cu+ in only several hours with changing the ionic liquid colour 
from colourless to pale orange colour. After the successful anodic dissolution of Cu in 
[BMP]Tf2N, AlCl3 (1.8 M) was added to the Cu+ containing liquid. From the 
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electrochemical measurements at different temperatures, the electrodeposition of Cu, 
Al-Cu and Al, can be obtained. Interestingly, the results shown that during the anodic 
dissolution of Cu at relatively high temperatures (≥ 70 ºC), the Tf2N anion of the ionic 
liquid can be easily decomposed. These results has deviated the work from the 
planned goal (Al-Cu alloy deposition) and is discussed in detail. 
 
4.2. Decomposition of Tf2N anion under anodic conditions 
 
Due to the limited solubility of copper salts in the ionic liquid [BMP]Tf2N, it is worth 
noting that the aim was to introduce copper cations into the ionic liquid throughout  
anodic dissolution reaction of copper metal. An anodic current density of 1.3 mA cm-2 
was applied on the copper electrode in the employed ionic liquid for 1 day at 25 oC in 
order to anodically dissolve copper. Throughout the duration of the experiment, there 
is no significant change in the test solution at 25 oC. It was shown that the oxidation 
state of the copper species introduced into the ionic liquid [BMP]Tf2N after anodic 
dissolution of copper, is 1 and Cu(Tf2N) is the electrolysis product. Surprisingly, after 
applying a current density of 1.3 mA cm-2 at 70 oC an alteration of the ionic liquid 
was visually observed. The ionic liquid became turbid in the first three hours and the 
turbidity increased with ongoing time until obtaining a white suspension in about 12 
hours. After electrolysis for about 1 day a white precipitate was obtained in the 
bottom of the electrochemical cell. Afterwards, the ionic liquid containing the 
electrolysis product was centrifuged to reclaim the precipitate. Finally, the white 
precipitate was washed several times with acetone to remove the residual ionic liquid. 
The SEM micrograph shows that the powder contains fine crystallites with an average 
size of about 200 nm. Interestingly, all the XRD peaks recorded for the obtained 
powder can be perfectly indexed to the data available in the JPCD diffraction file, thus 
indicating that pure CuF2 is the yield of the anodic dissolution of copper in 
[BMP]Tf2N at 70 oC. The Tf2N anion can easily be decomposed under mild anodic 
conditions during anodic oxidation of copper in the ionic liquid [BMP]Tf2N at 70 oC 
leading to the formation of CuF2. However, at room temperature no significant 
decomposition was obtained. Therefore, one has to be very careful in applying ionic 
liquids based on Tf2N anions under anodic conditions. 
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5. Outlook 
 
The present work shows, electrodeposition of adherent nano- and micro- Al layers on 
mild steel from different ionic liquids were investigated. The employed ionic liquids 
are, AlCl3/1-ethyl-3-methylimidazolium chloride (AlCl3/[EMIm]Cl), AlCl3/l-benzyl-
3-methyl-imidazolium chloride (AlCl3/[BzMIm]Cl), AlCl3/l,3-dibenzylimidazolium 
chloride (AlCl3/[DBzIm]Cl), AlCl3/1-ethyl-3-methyl-imidazolium bis(trifluoro-
methylsulfonyl) amide (AlCl3/[EMIm]Tf2N) and AlCl3/1-butyl-1-methyl- 
pyrrolidinium bis(trifluoromethylsulfonyl) amide (AlCl3/[BMP]Tf2N).   
 
The results obtained here might give rise to further studies:  
 
¾ Electrodeposition of other Al containing alloys on mild steel by using new 
types of ionic liquids that are electrochemically more stable such as 1-butyl-1-
methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate ([BMP]FAP) 
and 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate ([BMP]TFO). 
¾ Anodic dissolution of Cu and/or other metals in more stable ionic liquids such 
as 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate 
([BMP]FAP) and 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate 
([BMP]TFO) at different temperatures. 
¾ Decomposition of Tf2N based ionic liquids throughout the anodic dissolution 
reaction of different transition metals. 
¾ Morphological examinations, adhesion strength and corrosion performances of 
such coatings will be employed. 
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